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FOREWORD 

This  report  was  prepared  by  the  Aerophysics 
Development  Corporation  under  U.  S.  Air 
Force  Contract  AF  33 ( 516 ) -2129 . This  is 
the  final  technical  report  of  the  experi- 
mental performance  analysis  carried  out 
from  June  1,  1953  to  October  1,  1954  under 
the  research  and  development  contract 
identified  by  Expenditure  Order  No. 
X506-230. 
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SUMMARY  AND  HKCOMKENDATI ONS 

An  engine  which  has  less  weight  than  a piston  engine  and  which  has 
still  a relatively  low  specific  fuel  consumption  is  desired  as  a pro- 
pulsion system  for  helicopters.  Hesults  of  u previous  study  ( Cf . Ref- 
erence 1)  Indicate  that  a new  type  of  engine  termed  "Multi-Jetn  engine 
promises  to  be  an  engine  of  this  type  and  that  u helicopter  powered 
with  a Multi-Jet  engine  will  carry  a greater  payload  than  helicopters 
powered  with  any  other  propulsion  device.  A Multi-Jet  engine  (see 
Figure  1)  producing  a thrust  of  150  pounds  at  a peak  gas  temperature  of 
3000°F  was  estimated  to  have  a diameter  of  8 inches,  e.  length  of  20 

i 

j inches,  a weight  of  h 3 pounds,  and  a specific  fuel  consumption  of  1.86 
] lbs/hour/lb  thrust.  (Calculated  variations  of  thrust  and  specific  fuel 
(consumption  with  flight  velocity  are  given  in  Figure  2.)  On  the  basis 


! of  these  promising  calculations,  the  experimental  verification  of  the 


theoretical  performance  characteristics  of  a Multi-J6t  engine  was  con- 


sidered to  be  a useful  undertaking. 

I 

The  Multi-Jet  engine  is  a wave  (or  pulse- jet)  engine  similar  some- 


what to  the  Swiss  Compex.  It  differs,  however,  in  that  the  combustion 
is  carried  out  within  the  same  chamber  in  which  the  shock  compression 
is  carried  out.  The  Multi-Jet  engine,  described  in  more  detail  in 
l Ref erence  1,  is  shown  schematically  in  Figure  1.  It  promises  to  be 
useful  particularly  for  application  to  subsonic  vehicles  such  as  heli- 
copters, subsonic  missiles,  target  aircraft  or  jet  trainer  aircraft, 
jin  fact,  wherever  a low  coat  Jet  power  plant  would  have  application, 
j The  critical  phase  in  the  development  of  the  Multi-Jet  engine  is  the 
development  of  an  Intermittent  flow  cycle  which  yields  optimum  thrust 
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and  specific  fuel  consumption. 

The  evolution  of  the  predicted  performance  was  expected  to  occur 
in  the  following  steps • 

1.  Develop  an  engine  which  will  operate  on  the  Multi-Jet  cycle 
and  which  will  produce  high  peak  combustion-chamber  pressures. 
The  higner  the  peak  combustion-chamber  pressure  of  the  pul- 
sating-type  engine,  the  greater  the  ability  of  this  engine  to 
produce  a high  net  tiirust.  (This  contractor  has  developed 
already  an  experimental  engine  which  has  achieved  combustion- 
chamber  pressures  of  approximately  6.5  atmospheres.  Compare 
this  pressure  with  2.5  atmospheres,  a typical  peak  combustion- 
ehamrer  pressure  for  usual  pulse-jet  engines.) 

2.  Time  properly  the  several  phases  of  the  cycle  in  order  to 
utilize  efficiently  the  high  peak  combustion-chamber  pressures 
to  produce  a large  average  ttirust.  The  high-pressure  gases 
should  be  exhausted  in  a rearward  direction  and  parallel  to 
the  engine  center  line;  the  lengths  of  the  several  phases 
should  be  short  in  order  to  produce  a large  number  of 
impulses  per  unit  time. 

3.  Phase  properly  the  scavenge  cycle  to  avoid  loss  of  combustible! 

I 

fuel-air  mixture.  Passing  unburned  fuel  through  the  com- 
bustion tube  would  lead  obviously  to  a high  specific  fuel 
consumption . 

U.  Inject  fuel  and  mix  it  with  the  supply  air  in  a manner  such 
that  a high  combustion  efficiency  is  realized.  Once  again, 
exhausting  unburned  fuel  would  ie  ad  to  a high  specific  fuel 
consumption , 
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During  the  present  contract  period,  a test  engine  (Multi-Jet  Test  J 
Engine  No.  2)  suitable  for  quantitative  testing  was  designed,  built 
and  instrumented  for  use  in  this  engine-development  program.  Since 
sotting  up  the  instrumentation  took  longer  than  expected  (the  last  in- 

i 

] strument?  were  not  put  into  operation  until  June,  195U ) and  since  it 

I was  not  possible  to  obtain  a clear  unaerst inding  of  the  phenomena 

| 

1 within  the  engine  until  this  instrumentation  was  completed,  quanti- 
tative testing  was  not  initiated  in  time  to  complete  all  of  the  above- 
i mentioned  four  steps.  During  the  last,  four  months  of  the  program, 

! however,  peak  combustion-chamber  pressures  were  increased  ranidly  and 

i ; 

1 the  equipment  was  found  suitable  for  precise  measurements  of  cycle  | 

i ' ! 

pressures,  wall  temperatures,  and  engine  turust.  , 

i 

After  the  test  engine  was  put  into  operation,  the  original  cor>~  i 

i 

1 

figuration  of  tne  engine  was  varied  on  the  basis  of  test  results  until  i 

j 

; operation  on  the  Multi-Jet  cycle  (including  cyclic  ignition  of  the 

i 

j fresh  charge  by  means  of  non-stationary  surface  combustion  wi oh  no 

| 

'decrease  in  combustion-tube  wall  temperature)  was  realized*  Further 

| modi ficationa  of  this  engine  permitted  operation  at  nigher  air^flow 

) 

■ rates  ( 3cavenge-phase  flow  velocities  of  approxin.ately  pOG  feet  per 
| second),  also  with  cyclic  ignition  of  the  fresh  charge  by  means  of 

I 

non-stationary  surface  combustion  with  no  decrease  in  combustion-tube 
wall  temperature.  iinphasis  was  placed  tnen  on  tne  improving  of  the 
engine  configuration  in  order  to  obtain  high  peak  combustion-chamber 
pressures.  ( Ccmbu3tion-chamber  pressure  ratios  had  not  exceeded  U up 
to  this  point  in  the  program.  ) On  the  basis  of  conclusions  drawn  from 
pressure-time  diagrams,  engine  changes  were  made  until  a combust lon- 
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chamber  pressure  ratio  of  • ,$  was  realized.  (See  Figure  3 for  a summa-j 
ry  of  work  performed  and  progress  achieved.  ) Theoretical  calculations 
(Cf,  Reference  1)  indicate  that  pressure  ratios  greater  than  8 can  be 
achieved  if  scavenging  is  complete,  mixing  of  fuel  and  air  is  thorough, 
burning  is  complete,  end  sealing  of  the  combustion-tub©  ends  with  the 
valve  blades  is  adeq  ate. 

Figure  4 shows  a photograph  of  the  pressure-time  diagram  obtained 
during  one  of  the  most  recent  test  runs.  An  investigation  of  the  photcj- 
graph  shows:  (1)  a rapid  rise  of  pressure  as  soon  as  the  tube  is 
closed  (the  double  valve-timing  mark  indicates  the  Lime  when  the  tube 
is  only  half  closed)  and  (?)  a high  pressure  plateau  indicating  that 
combustion  is  completed  and  that  the  stay  time  of  the  mixture  within 
the  tube  is  tOj  long.  It  can  be  seen  that  the  combustion  time  can  be 
reduced  appreciably.  Such  a reduction  should  result  in  a configuration] 
that  will  produce  a greater  value  of  net  thrust  and  a lower  value  of 
specific  fuel  consumption. 

Results  of  the  theoretical  study  (Cf.  Figure  ,5»  also  Reference  1) 
indicate  that  (for  cne  combustion-chamber  pressures  which  were  realized] 
the  engine  is  capable  of  producing  a net  thrust  of  6.4  pounds  per 
square  inch  of  the  comous tion-tube  flow  area  and  a specific  fuel  con- 
sumption of  1.6  pounds  of  fuel  per  hour  per  pound  thrust.  Consequently] 
emphasis  should  be  placed  now  on  the  following  steps:  (a)  the  develop-] 
ment  of  an  engine  which  will  use  these  high  peak  combustion-chamber 
pressures  in  a manner  such  that  a high  net  thrust  is  realized,  and 
(b)  the  development  of  an  engine  which  will  px*oduce  this  high  net 
thrust  with  relatively  low  fuel-flow  rates. 
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It  will  be  noted  that  Figure  5 indicates  zero  thrust  at  a pressure 
j ratio  of  about  2.5  and  a rapidly  increasing  net  thru3t  with  increasing 
j pressure  ratio.  In  this  respect,  the  Multi-Jet  engine  is  similar  some- 
! what  to  a gas  turbine,  for  which  engine  the  compressor  efficiency  and 

I 

turbine  efficiency  must  exceed  set  minimum  values  before  net  power  can 
i be  obtained. 

I It  is  recommended  that  testing  be  continued  using  the  existing 

l 

I 

I test  facilities  for  a period  of  one  year  in  order  to  continue  the 
development  of  a Multi-Jet  engine  which  produces  a large  net  thrust 
| with  a low  specific  fuel  consumption.  Since  no  additional  expensive 
I equipment  is  needed,  the  bulk  of  the  expenditures  would  be  for  labor 

and  operating  supplies.  It  is  believed  that  a development  program  of 

i 

■ this  type  would  produce  a now  type  of  engine  suitable  particularly  for 
j use  in  medium-range  helicopters  and  would  yield  new  data  concerning 
non-statl onsrv  fluid  flows  and  surface  combustion  of  combustible  fluids 
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ABSTRACT 

Work  performed  and  results  obtained  under  contract  No. 

33  (6l6)-2129  are  discussed.  The  test  engine  constructed  and 
used  during  this  period  is  described,  along  with  the  instru- 
mentation provided  for  the  tests  performod.  Test  results  are 
discussed.  Analyses  of  problems  pertaining,  to  Multi-Jet 
Engine  operation  are  presentfd.  Also  discussed  are  tests 
performed  on  the  engine  first  constructed  and  used  under  the 
previous  contract  (No.  33  (616) -37).  It  is  concluded  that 
data  sufficient  for  determining  a Multi-Jet  engine  configu- 
ration suitable  for  quantitative  testing  has  been  obtained, 
but  that  further  information  is  needed  before  an  efficient 
configuration  can  be  established.  It  is  recorramended  that 
testing  of  the  present  test  engine  be  continued  for  a period 
of  one  year. 
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SECTION  I 

INTRODUCTION  j 

Prior  to  the  beginning  of  the  present  contract  period  on  June  1, 
1953*  a one-year  pre llminary -ae s if n study  and  performance  analysis  of 
the  Multi- Jet  Engine  (Reference  1)  was  completed  under  Air  Force  Con- 
tract AF  33  ( 6 16 ) —37  • Under  this  contract  a preliminary-design  stud’; 
and  performance  analysis  of  a Multi-Jet  Engine  suitable  for  application 
to  a helicopter  rotor  system  was  made.  During  thi3  same  period,  ex- 
ploratory experimental  tests  were  made  with  single  combustion  tubes 
which  tests  demonstrated  satisfactorily  (1)  that  s’urface  combustion  can 
be  initiated  periodically  by  the  hot  walls  of  the  combustion  tubes  and 
(2)  that  some  of  the  tested  materials  will  withstand  for  expended 

I 

periods  of  time  the  effects  of  a peak  gas  temperature  of  25>00°F  in  con- 
junction with  the  effects  of  pulsating  pressures. 

On  the  basis  of  the  analytical  work  carried  out  during  the  previ- 
ous contract  period  (Reference  1)  a test  program  aimed  at  verifying  ex- 
perimentally the  theoretical  performance  characteristics  of  a Multi-Jet; 

'Engine  was  started.  The  first  step  in  such  a research  program  would  bo 
to  obtain  experimental  data  upon  which  a prediction  of  the  attainable 
performance  of  the  Multi -Jet.  Engine  described  above  could  be  based. 

This  step  includes  the  development  of  an  engine  configuration  (deter- 
mined, e.p,,  by  size  of  valve  ports,  tube  lengths,  ana  tube  diameters) 
which  operates  on  the  Multi-Jet  cycle,  produces  net  thrust,  and  lends 
itself  to  quantitative  testing.  The  second  step  would  be  to  investi- 
gate in  detail  the  configuration  changes  that  affect  the  performance. 
Tiese  configuration  changes  include  changes  in  the  valve-clearance  di- 


-1- 


-tn( 


/ DiTCfr 


'•f. 

i 


AEROPHYSICS  DEVELOPMENT  COR  POR  A TjONhl  .2003-1-RS 


PACIFIC  PALISADES,  CALIFORNIA 


;oCf.  i,  i9>4 


meneions,  the "Rapidity  with  which  tha  valves  open  and  close,  and  the 

>»■>--  • ' ^ 

combustion  tube  . dimensions  jLlenpth  ana  tilame  ter)  • - .... 

The  following-  information  was  obtained  from  tests  conducted 
d.irirp-  this  contract  period:  ( 1 ) measurement  of  combustion-chamber 
pressure  as  a function  of  time;  (2)  measurement  of  mean  fuel  and  air 
flows;  and  (3)  measurement  of  net.  thrust*  Prom  the  above  measurements, 
peak  cycle  pressure  ratios,  specific  fuel  c on s ump tion,  and  thrust  per  • 
unit  flow  area  of  the  finale  tube  were  calculated. 

Kivure  3 presents  a sunmary  of  the  wor’k  performed  and  the  pro- 
. press  achieved  clurinp  the  past  11  months.  The  design  of  Multi-Jet 
Test-  Ln.'ine  No.  2 (which  is  the  engine  used  to  obtain  the  experimental 
performance  dar.a)  and  1 ‘s  associated  equipment,  is  described  in  fee  tion 
II.  The  instrumentation  is  described  in  Section  III.  Section  IV  in- 
cludes (l)  the  description  cf  tests  carried  out  on  Multi-Jet  Test 
Engine  No,  1 (which  is  the  engine  constructed  during  the  previous  con- 
tract period);  (2)  the  uescription  of  the  tests  on  non-stationary  sur- 
face combustion  carried  out  in  the  shock  tube;  (3)  the  description  of 
the  tests  carried  out  on  idulti-Jet  Test.  En;  ine  No.  2, 

Analytic  studies  of  (l)  the  birr  nine  of  a fuel-air  mixture  en- 
closed in  a cylinder;  (2)  non-stationary  non-viscous  flow;  (3)  the 
effects  of  viscosity  on  certain  non-stationary  flows  are  discussed  in 
'Section  V. 

,Fhe  append1x  includes  a detailed  description  of  (1)  the  electronic 
circuits  used  in  the  instrumentation  cf  Multi -Jet  nest-  Enpine  No.  2 
and  (2)  the  tests  performed  with  -T’est,  Enpine  No.  2. 
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SECTION  II 

KULTI-JBT  test  ENGINE  NO.  2 


A Multi-Jet  engine  consists  essentially  of  a matrix  of  many  small 
pulse- jet  tubes  equipped  with  valves  which  control  the  opening  and 
closing  of  the  inlots  and  outlets  of  these  tubes  (Cf.  Figure  1;  also 
Reference  1).  Since  each  of  these  tubes  acts  independently  of  every 
other  tube,  the  performance  of  this  engine  may  be  obtained  by  deter- 
mining the  performance  of  a single  tube  and  then  summing  to  obtain  the 
performance  cf  the  complete  engine.  Multi-Jet  ^est  Engine  No.  2 waa 
constructed  for  the  purpose  of  determining  the  performance  of  such  a 
single  tube. 


Test  Engine  No.  2 contains  a single  combustion  tuba  mounted  be- 


tween two  ro tating-plat.e  valves.  This  engine  was  designed  so  that  the 


effect  of  variations  of  the  following  parameters  on  engine  performance 
could  be  determined: 

1.  Combust. ion- tube  dimensions  (lengths  from  6 to  15  inches,  dia- 
mete.  3 from  l/4  to  1 inch). 

1 

2.  Cycle  frequency  (determined  by  the  number  of  ports  in  the 
valve  plates  and  by  the  rotor  speed). 

i 

3.  Relative  length  of  the  several  periods  of  the  cycle  (deter- 
mined by  the  relative  size  of  the  ports  in  the  valve  plates 

I and  by  the  phase  angle  between  the  two  valve  plates). 

4.  Area  of  openings  in  combustion  chamber  during,  combustion 
phase  (determined  by  the  clearances  between  the  combustion- 
tube  ends  and  the  valve  plates). 

It  was  possible  to  vary  the  cycle  frequency  (as  a function  of  rotor 
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speed)  during  a test,  period.  The  remaining  parameters  could  be 
changed  only  between  tests  when  the  engine  was  not  operating. 

' - . ^ j 

Rotating-plate  valves  (figure  6 and  7’)-  were  selected  for  use  in  j 
this  engine  because  of  their  simplicity  and  efficiency  (Cf.  Ref.  1). 
This  valve  system  consists  of  a rotor  shaft  upon  which  two  valve 
plates  containing  four  ports  each  are  mounted  (each  rotor  revolution  j 
corresponds  to  four  cyclos).  Since  the  air  for  this  test  engine  was 

supplied  through  a pipe  connected  to  the  laboratory  air-supply  system,  | 

i 

it  was  necessary  to  prevent  the  loss  of  supply  air  by  enclosing,  the  j 
front  valve  plate  within  a housing  and  by  installing  rotating  seals  I 
between  the  valve-plate  housing  and  the  rotor  shaft.  A rear  valve- 
plate  housing  was  also  used  in  the  initial  tests,  but  since  it  was 
found  to  serve  no  useful  purpose,  it  was  later  discarded.  The  rotor 
shaft,  rotor-shaft  bearings,  valve  plates,  and  valve-plate  housings  of 
this  engine  are  pictured  in  Figure  6.  (The  front  valve  plate  and 
housing  are  shown  exploded  while  the  rear  valve  plate  and  housing  are 
shown  assembled.)  Note  that  by  sliding  the  rear  valvo  plate  to  the 
appropriate  point  on  the  splined  rotor  shaft  it  was  possible  to  adjust 
the  distance  between  the  two  valve  plates  so  as  to  correspond  to  the 
length  of  the  combustion  tube. 

Provisions  were  made  for  adjusting  the  clearances  between  the  tube 
ends  and  the  valve  plates  to  any  value  between  0 and  l/l6  in.  Pre- 
cautions were  taken  to  insure  that  these  clearances  could  be  adjusted  1 

j 

accurately  and  held  rigidly  for  a given  test.  Spacers  having  ends 
parallel  to  within  one  minute  were  used  to  hold  the  valvo  plate  faces 
parallel  to  the  faces  cf  a hub  and  those  hub  faces  were  ground  perpen- 
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dicular  wi  thin  one  minute  to  the  .rotor-shaft  center  line.  Facilities 

I 

were  provided  for  pass  in-  water  threrh  passages  In  the  valve  plates 
and  in  their  hours  I nf  - . since  it  was  expecied  that  water  cooling  would 
be  required  in  order  to  prevent  distortions  due  to  localized  he  at in;  . j 

i 

Tests  indicated,  however,  that  it  was  not  necessary  to  cool  the  valve 
plates  or  the  front  valve-plate  housing,  and  consequently  only  the  fori 
ward  portion  of  the  aft  valve-plate  housing  (that  portion  which  was  not} 

I 

discarded  as  noted  above)  was  water  cooled. 

The  original  valve-drive  system  included  two  war-surplus  24-volt 
yO-ampere  intermittent-duty  aircraft-type  dc  motors  slung  beneath  the 

test  engine.  These  drive  motors  received  electrical  power  from  a war-1 

! 

surplus  24-volt.  200-ampere  aircraft-type  dc  generator  driven  by  a 10- 
horsenower  ac  motor.  Mechanical  power  was  transmi tted  from  the  drive  ' 
motors  to  the  rotor  by  a V belt.  "Tuo  angular  speed  of  the  drive 
motors  was  controlled  by  varylnr  the  generator  field  current.  This 
current  was  supplied  by  a c ommercially  available  12- volt  wet-cell 
battery  charger,  and  the  output  of  the  battery  charger  was  controlled 
by  regulating  its  ac  inpu*-  with  a co.mmer daily  available  voltage  di- 

i 

vider . 

The  aircraft-type  drive  motors  were  chosen  because  their  light 

| 

weight  allowed  the  floating  of  the  entire  test  engine,  including  drive 

i i 

motors,  in  order  to  meas’-ire  the  net  thrust  directly.  However,  since  J 
these  motors  were  designed  only  for  intermittent  duty,  they  overheated 
and  burned  ou1-  during  the  long  testing  periods.  Consequently,  this 
rotor-drive  system  was  replaced  by  a variable-speed  drive  system  in- 
corporating a Veridrive  manufactured  by  U,  S.  Motors.  i>ince  the 
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weight  of  t.ho  Varidrivo  prohibited  slinging  it  below  the  teat  engine, 
it  was  decided  not  to  mo  as  ire  tne  net  thrust  of  the  enfine  directly* 
"he  elimination  of  this  muas moment  was  not  serious,  however,  since 

I 

the  inlet-  and  exha tst -impulse  tarret3  were  calibrated  satisfactorily. 


Attachment  of  the  combustion  tubes  to  the  valve-plate  housinps 
was  accomplished  by  screwing  the  tubes  into  fluored  end  fittings  and  j 
then  bol  tinp  these  end  fittings  to  the  valve-plate  housings  (see 
Figure  9).  The  front  end  fitting  consisted  of  a single  solid  piece  of  | 
metal,  i.o.,  relative  motion  between  the  front  end  of  the  tube  and  the  j 
front  valve-plate  housing  was  not  permitted.  The  rear  end  fitting,  on j 

i 

the  other  hand,  consisted  of  a flanged  portion  and  a threaded  portion,  . 
and  these  were  iesigned  so  that  the  threaded  portion  could  slide  axi- 
ally within  the  flanged  portion,  i.e.,  relative  motion  between  the 
. rear  end  of  the  tube  and  the  roar  valve -plate  housing  was  permitted. 
This  arrangement  permitted  the  combustion  tube  to  expand  as  it  was 
heated.  "he  resistances  of  the  neat  paths  between  the  tube  end  fit- 
tings and  the  valve-plate  housing  were  increased  by  decreasing  the 
; contact  area  between  the  fittinrs  and  the  housings.  Increasing  these 
resistances  reduced  the  hunt  transfer  rate  aid  increased  the  tempera-  1 

j 

tures  of  the  tube  ends  during  the  tests.  A photograph  of  the  combust-  j 

I 

ion  tube  showlnt  the  hirh  frequency  press  ire  r age,  the  glow  plug,  and  I 

I 

the  flanged  end-fittings  is  shown  in  Figure  9. 

The  walls  of  a nulti-Jet  engine  combustion  tube  must  be  heated  to  j 

i I 

a required  minimum  temperature  before  the  engine  can  be  cycled  using 

surface  combustion  to  ignite  the  fuel-air  mixture  during  each  cycle. 

1 i 

j This  required  minimum  temperature  can  be  obtained  by  any  one  of  three  j 
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Figure  9. 


Combustion  Tube,  Flanged  End  Fittings, 
Pressure  Gage  and  Glow  Plug 


I 


;*  a - 


i 

I 

I 

I 

I 

I 


I 

I 

I 

I 

I 

1 

I 

I 

I 


I 


I 

i 

} 


i 


i 


j AEROPHYSICS  DEVELOPMENT  CORPORATION 

i 

j PACIFIC  PALISADES,  CALIFORNIA 

2Q03-1-R5 

' 

Oct.  1.  1951 

j 

means:  (1)  by  holding  a flame  ahead  of  the  tube  inlet  and  passing-  the 

hot  gases  through  the  tube  with  the  valves  field  in  the  open  position;  j 
(2)  by  operating  the  engine  at  reduced  air-flow  rates  and  igniting  the  j 
fuel-air  mixture  with  a spark  plug;  and  13^  by  operating  the  engine 

i 

at  reduced  air -flow  rates  and  igniting  the  fuel-air  mixture  by  means 

! 

of  a glow  plug  (rather  than  a spark  plug).  The  third  method  was  found.1 
to  be  more  satisfactory  than  the  first  two.  '-'he  first  method  resulted  \ 
in  slow  heating,  of  the  combustion  tube,  unnecessary  heating  of  t.iie  in-' 
let  valve,  and  partial  obstructing  of  the  air-supply  duct.  The  second 
method  also  resulted  in  slow  heating  of  the  combustion  tube  since  the  : 
frequency  of  spark  discharge  was  not  hirh  enough  to  ignite  the  fuel- 
air  mixture  during  every  cycle. 

Air-flow  rate  was  computed  from  the  measured  pressure  drop  across 
a sharp-edge  orifice  designed  in  accordance  with  specifications  of  the 
American  Standards  Association.  In  order  to  simplify  the  calculations,^ 
the  air-supply  line  was  arranged  so  that  the  pulsations  set  up  by  the 
engine  were  damped  out  before  they  propagated  upstream  to  the  metering 
orifice.  The  damping  was  accomplished  by  a surge  chamber  (the  inlet 
impulse  target)  and  a throttle  valve  installed  between  the  orifice  and 
the  engine.  A given  t.hrottle-vRlve  setting  held  the  air-flow  rate  con- 
stant since  the  averare  pressure  downstream  of  the  throttle  valve  did 

I 

not  vary  appreciably  during  a test,  and  the  pressure  ipstream  of  the  j 

i 

throttle  valve  was  held  constant  by  a pressure  regulator  in  the  air-  i 
supply  system. 

Several  methods  of  introducing  fuel  Into  the  combustion  chamber 

i 

were  considered!  (1)  steady  Injection  of  fuel  into  the  air-supply  due tj 
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at  a point  far  upatrean  from  the  onrina  where  the  air-flow  rate  ia 
steady;  (2)  injection  c f fuel  at  a constant  supply  pressure  directly 
into  the  combustion  chamber  at.  a point  immediately  behind  the  inlet 

i 

valve;  (3)  periodic  injection  of  fuel  directly  into  the  combustion 
chamber;  (l;)  steady  injection  of  fuel  into  the  uir-supply  duct  at  a 

point  immediately  upstream  from  the  inlet  valve;  and  (5)  periodic  in-  | 

1 I 

jecticn  of  fuel  into  the  air-supply  duet  at  a point  i-'uned lately  un- 

stream  from  the  inlet  valve.  Periodic  injection  at  the  high  cycle 

frequencies  which  were  realized  was  considered  impractical.  Steady 

i 

injection  at  a poir.r  upstream  from  the  inlet  valve  was  accompanied  by 
! flame  holding  and  by  burning  within  the  inlet  valve-plate  housing,  and 
this  method  was  also  considered  unsatisfactory.  Consequently,  the 
second  method  was  used  during  mos t of  the  tests,  even  though  the  possi- 
bilities existed  that  fuel-air  mixing  was  not  complete  and  that  some 
fuel  was  wasted.  Note  that  the  pressure  variations  within  the  combus- 
tion chamber  were  such  that  the  fuel-injection  rate  was  greatest  dur- 
ing the  scavenge  phase  and  smallest  during  the  late  portion  of  the 
combustion  phase  and  the  early  portion  of  the  exhaust  phase.  Fuel- 

I ! 

flow  rates  were  measured  with  a Fi3cher-Pcrter  flowmeter.  The  propa- 

i ! 

I ration  of  pressure  fluctuations  from  the  combustion  chamber  to  the 
' flowmeter  was  prevented  by  the  dampinr  action,  of  the  pressure  drop  and 

i i 

; i 

1 the  volume  in  the  fuel-supply  line.  A diagram  of  the  air-flow  and 
fuel-flow  lines  is  f iven  in  Figure  10, 

: i 

The  time-e voraged  i... pulse  of  the  entering  and  leaving  fluids  was 

i 

measured  directly.  Two  methods  exist  for  the  de termination  of  these 

I 

impulses;  (1)  the  tlme-avei  aged  impulse  may  be  measured  directly  with! 
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' the  aid  of  impulse  targets;  and  (2)  velocity,  temperature,  and  pres- 


sure profiles  may  bo  measured  as  a function  of  time,  and  the  time- 
averaged  impulses  may  then  be  calculated  from  these  measured  quanti- 
ties. The  first  of  the.se  methods  was  used  in  the  present  study  since  j 

i 

it  appeared  to  be  the  simplest  of  the  two  existing  methods.  The  two  | 

i 

impulse  targets  were  mounted  on  two  separate  3ets  of  glycerin-3upported| 


pontoons  in  order  to  minimize  mea3 uroment  orrors  due  to  friction.  The 


arrangement  of  the  four  carriers  for  the  inlet,  impulse  target  is  pic-  j 
tured  in  i''irura  11.  Fach  carrier  consists  of  a tank,  a float,  and  the  ! 
glycerin  needed  to  fill  the  space  between  the  tank  and  the  float. 

Motion  (in  a direction  parallel  to  the  engine  axis)  of  the  floats  re-  , 

*•  j 

lative  to  the  tanks  is  restricted  by  strain-rage  force  pickups  as 

| 

shown  in  figure  12.  A photograph  of  the  strain-gage  force  pickup  is  j 

• 

shown  in  figure  13.  The  original  exhaust  impulse  target  is  shown  on 
the  left  in  Figure  1 lg.  Calibration  of  this  target  indicated  that  it  ! 
did  not  function  properly.  Satisfactory  results  were  obtained,  how-  -t 
ever,  after  a flat  plate  covered  with  fifteen  layers  of  wire  net  (see  ' 

I 

| Figure  15)  was  installed  in  place  of  the  original  aft  impulse  target,  j 
This  flat  plate  impulse  target  was  designed  and  installed  according  i 

! i 

to  the  information  obtained  from  Reference  2.  A photograph  of  this  | 

t i 

i tarret  mounted  on  its  carriers  is  shown  in  Figure  16.  In  order  to  I 

I ! 

prevent  the  destruction  of  the  exhaust  target,  by  the  exhaust  gases, 

i 

water  was  run  over  the  ralvanlzed  steel  wire  mesh  covering  the  target,  j 
This  water  was  turned  off  momentarily  when  thrust  'easurements  were 
made . 

I 

l 

Air  was  supplied  to  the  ini < • t impulse  tarret  (Figure  17)  through  ! 
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Figure  13 
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Figure  ll}.*  Layout  of  Multi -Jet  Test  Engine  No0  2 
and  the  Impulse  Targets 
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Pip-ure  15.  Exhaust  Impulse  ^arpet 


Figure  16.  Exhaust  Impulse  Target  and  its  Carrier 


j AEROPH  Y SICS  DEVELOPMENT  CORPORATION  f ^OC3-2rIl5__] 


h 


PACIFIC  PALISADES,  CALIFORNIA 


-i u • it-  j- yiilj 


two  larpe  flexible  hosos  urranped  so  as  to  oirect  the  air  into  the 
*-arpet  at.  rirht  anplns  to  the  enpine  axis.  A flexible  s.lr-tirht  ccn- 

I 

nection  was  require!  at  the  joint,  between  trio  inlet  valve-plate  housing 

I 

and  the  inlet  impulse  tare  at  in  order  to  permit  unrestricted  motion  of 

i 

the  inlet  tarpet  with  respect  to  the  anpine  without  incurring  any  loss 
of  supply  air.  '"wo  types  of  flexible  joint  were  considered;  (1)  a 
flexible  metal  bellows,  ana  (2)  a diaphragm-type  bellows  incorporating 
a rubber -imprepna ted  cloth  diaphrarm.  A metal  bellows  havlnr  suffi- 
cient flexibility  could  no'  be  found,  and  consequently  the  second  type 

| 

of  bellows  was  used.  '''his  bellows  consisted  of  a < t vculnr  cl  lap  fir  arm 
with  a hole  cut  in  the  center.  The  outer  periphery  of  the  diaphragm  ! 
was  attached  ‘-o  the  inlet  valve-plate  housinp,  and  the  inner  periphery 
was  attached  to  the  inlet  i pulse  tarpet  (f’ipure  16  )s  Tho  pressuro 
force  actinp  on  the  diaoiirapm  was  balanced  by  two  inactions  --  one  | 
reaction  actinp  at  each  periphery  of  the  diaphragm.  The  mapnitude  of  | 
each  of  these  reactions  was  related  analytically  to  the  magnitude  of  ! 
the  pressure  force  acting  on  the  diaphrarm.  °lnce  the  reaction  on  the | 
inner  per  phary  was  transmitted  to  the  strain-par  e I'orce  pickup 
attached  to  the  Inlet  impulse  can,  tne  mapnitude  of  *his  reaction  was 
calculated  send  then  subtracted  from  the  mens  red  force  on  the  inlet 
impulse  t.ari  et  in  order  to  obtain  the  mapnitude  of  the  inlet  impulse. 
Tiis  system  was  calibrated  by  applyinp  a known  pressure  to  the  inlet 
tarpet  while  the  air  flow  to  tho  enpine  was  blocked  off.  Tne  result- 
inp  calculated  reaction  force  equaled  the  meaa  irod  i’orce  within  oxpor-  i 
imental  error.  Checks  with  pulaatinp  flows  of  cold  air  indicated  that, 
the  inlo  t -impulse  measurements  were  acc  ira*e  within  six  percent. 
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i 

I 
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A diagram  of  the  engine,  showing  the  arrangement  of  the  impulse 
| tarrei-e,  force  rin.i  s,  pontoons,  combustion  tube,  and  drive  motors,  is 
given  in  r’irure  19.  A photograph  of  the  engine  is  shown  in  Figure  20. 
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Figure  20 


Multi-Jet  Teat  Engine  No.  2 
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INSTRUMENTATION  FOR  MULTI- JET  TEST  ENGINE  NO.  2 


3.1  Introduction 

| For  use  in  conjunction  with  Test  Engine  No.  2,  instruments  were 

assembled  which  facilitated  (1)  the  development  of  an  engine  which  j 

1 

operated  on  the  Multi- Jet  cycle,  and  (2)  the  obtaining  of  the  per- 
formance characteristics  of  a Multi- Jet  engine.  (See  Section  4*3  for 
details  of  the  program  objective.  ) The  engine-development  phase  re- 
quired that  combustion-chamber  pressures  be  measured  and  related  to 
the  valve-opening  and  valve-clos inr  times;  the  performance-testing 

i 

phase  required  that  the  engine  thrust  and  fuel  consumption  be  measured  ; 

i I 

accurately.  ! 

i 

The  followin'  quantities  were  determined  from  measurements  made 
during  the  tests: 

i 

1.  Pressure  in  the  combustion  chamber 

j 

2.  Angular  speed  of  the  valve  plates 

1 

; 3.  Angular  position  of  the  valve  plates 

I 

4.  Relative  length  of  the  several  phases  of  the  cycle 

5.  Forces  acting  on  the  impulse  targets 

6.  Rate  of  fuel  flow 

j 7.  Rate  of  air  flow 

I 

8.  Temperature  of  the  combustion-chamber  wall 

9.  Temperature  of  the  valve-plate  housing 

10.  Temperature  of  the  rotor  bearings 

i 

11.  Temperature  of  the  high-frequency-response  pressure  pickup. 
Photographs  of  the  instrument  panels  a?’e  included  in  Figures  21 
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Instrument  and  Control  Figure  22,  Instrument  and  Conti ol 

Panel  for  ^est  Engine  Panel  for  Test  Engine 

No,  2 (Left  Side)  No,  2 (Right  Side) 
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and  22.  Detailed  descriptions  of.'  the  electrical  circuits  employed  in 
the  instrumentation  used  in  the  Multi -Jet  tests  are  contained  in  the 
Appendi x . 


\ 3.2  Measuring  Combustion-Chamber  Pressures 

Providin'"  instrumentation  for  measuring  combus t ion- chamber 

! 

I pressures  as  a function  of  time  was  one  of  the  most  difficult  (and 
i most  import-r  at  ) of  the  instrumentation  problems  encountered  during 
this  pro-ram.  Although  several  rood  pressure  pickups  were  available 
i commercially,  most  of  these  were  not  suited  for  this  test  program 

i 

i because  they  did  not  muet  all  of  the  following  requirements:  (1) 

• i 

i measure  pressures  from  0 to  130  psig;  (2)  respond  accurately  to 

; 

! frequencies  from  0 to  10,000  cycles  per  second;  (3)  function  properly 
, with  tiie  diaphragm  exposed  to  gases  at  3000°i';  and  (J4. ) possess  a 
■ diaphragm  with  diameter  small  enough  to  permit  mounting,  of  the  pickup 

I 

; diaphragm  flush  with  tue  inside  of  3/3-in.  combustion  chamber.  (It  Wes' 

i 

; necessary  that  the  diaphragm  be  mounted  flush  with  the  inside  of  the 
j 

i combustion  chamber  in  order  to  avoid  introducing  on  the  combustion- 

1 

I 

chamber  wall  irregularities  which  would  reflect  oressure  or  expansion 
waves  passing  axially  through  the  combustion  chamber.) 

A llj  -mm-diameter  water-cooled  variable-capacitance-type  pressure 
i pickup  (Of.  Ref.  3)  manufactured  by  Photocon  Research  Products  of 
j Pasadena  was  selected  and  used.  To  5 s pickup  has  a free-diaphragm 

I 

i diameter  of  approximately  3/3  inch.  Although  a smaller  free-diaphragm 

I diameter  was  desired,  this  pickup  was  acceptable  for  investigating 

I pressures  in  the  large  combustion  tubes  (in  those  tubes  having  di- 
! 

! ameters  eq-ial  to  or  greater  than  n/o  inch)  and  in  the  square  tubes. 
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Although  pressure  pickups  of  this  type  had  been  used  frequently  ini 

j piston  and  rocket-type  engines,  t:ne  problom  of  Molding  pickup  component 

i 

temperatures  at  a safe  level  during  use  on  a kuiti-Jet  combustion  tube 
proved  relatively  difficult.  Test  durations  were  greater  than  are 

i 

encountered  in  rocket  engine  tests;  combu3tion-chanber  wall  tempera- 
tures were  higher  than  are  encountered  in  piston-engine  test3.  Conse- 
; I 

, quently,  the  pressure  pickup  was  damaged  by  heat  on  several  occasions 

i during.  The  test  program.  The  problem  was  solved  by  modifying  the 
eoolinr  system  so  that  water  could  be  passed  through  a jacket  sur- 

i 

rounding  the  pickup  as  well  as  through  holes  penetratinr  the  diaphragm, 
and  t ae  pickup  was  used  in  subsequent  Multi- Jet  tests  without,  further  j 
heat  damage. 

The  electrical  output  of  the  pressure  pickup  was  fed  into  an 
oscilloscope  whose  sweep  was  triggered  at  the  same  point  during  each 
engine  revolution  by  instruments  measuring  the  angular  position  of  the 

i 

! valve  plates.  Thus,  if  the  engine  was  firing  recrulerly,  the  oscillo- 

! 

j scope  beam  would  continuously  retrace  Its  path,  and  a stationary 
\ 

pattern  would  register  on  the  oscilloscope  screen.  Photographs  could 
be  taken  of  thi3  screen  in  order  to  provide  permanent  records  of  the 
pressure-time  diagram. 

This  pressure  pickup  was  calibrated  periodically  during  the  con- 
tract period.  Shortly  after  the  pickup,  was  received,  it  was  installed 

I 

i in  the  wall  of  the  shock  tube  (see  P’lgure  28,  Section  1+.2),  and  its 

i 

i response  characteristics  were  checked.  The  rapidity  of  response  and 

i 

i 

| the  damping  were  found  to  be  appropriate  for  the  present  application. 
Shock  waves  having  known  pressure  ratios  were  passed  over  the  pickuo 

l 

-27- 


I 


i 

1 

I 

I 

I 

I 

I 

I 

I 

I 


L 


1 


AEROPNTSICS  DEVELOPMENT  CORPORATiON  |2003-1-Rg 

PACIFIC  PALISADES,  CALIFORNIA 


Oct,  1,  195W 


diaphragm,  and  the  calibration  curve  obtained  in  this  manner  was 
compared  with  the  calibration  curve  obtained  by  applying  static 
pressures  to  the  diaphragm.  Since  these  two  calibration  curves  agreed 
within  the  limits  of  expected  experimental  error,  subsequent  cali- 
brations of  the  high-frequency-response  pressure  pickup  were  obtained 
by  applying  only  si.atic  pressures  to  trie  diaphragm. 


3 . 3 Determining  Angular  dpeed  and  Angular  Position  of  Valve  Plates 

In  order  to  facilitate  the  development  of  an  engine  operating  on 
tne  Multi-Jet  cycle,  means  for  determining  (1)  the  valve-opening  and 
valve-cloainc  times  relative  to  the  several  portions  of  the  pressure- 
time diagram  and  (2)  the  cycle  frequency  must  be  available.  Conse- 
quently, instrumentation  for  obtaining  these  data  were  selected  and 


; assembled. 


j It  was  decided  to  relate  tne  angular  positions  of  the  valve  platesj 

! with  the  several  portions  of  the  pres3ure-time  diagram  by  dimming  the  \ 

j ' i 

! oscilloscope  bean  whenever  the  valve-plate  rotor  reached  a specified 
angular  oosition.  This  dimming  was  accomDiished  as  follows:  A 

i 

variable-reluctance  magnetic  impulse  generator  was  attached  near  each 
valve  plate  in  such  a manner  that  the  generator  could  detect  the 
passing  of  the  leading  and  trailing  edges  of  the  valve-plate  blades, 
and  tne  generator  signals  were  timed  (by  locating  the  generator  ap- 
propriately) 30  that  the  oscilloscope  beam  was  dimmed  four  times  during 
each  engine  cycle  --  once  each  time  that  either  end  of  the  combustion 
tube  was  half  open  or  half  closed.  A determination  of  other  rotor 
poations  (e.g.,  the  time  when  the  aft  end  of  the  combustion  tube  begins 
to  open)  could  be  accomplished  by  interpolating  linearly  between  the 

known  locations.  j 
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It  was  necessary  to  differentiate  between  the  four  signals  being 
sent  out  during  each  engine  cycle,  i.e.,  it  was  necessary  to  determine 
which  signal  belonged  with  which  valve-plate  position.  This  differ- 
entation  was  accomplished  by  making  one  of  the  signals  longer  than 
the  other  three.  A photograph  of  the  oscilloscope  beam  trace,  showing 
! the  four  signals  sent  out  by  the  valve,  is  presented  in  Figure  23* 

For  convenience  in  observing  the  pressure-time  diagram,  pro- 
| visions  were  made  for  starting  the  sweep  of  the  oscilloscope  beam  by 
| means  of  one  of  the  above-mentioned  valve-position  signals, 
j The  rotor  speed  (related  directly  to  the  cycle  frequency ) was 

! obtained  by  measuring  the  Impulse  production  rate  of  the  impulse  gener- 
; ator.  This  3peed  was  indicated  by  a voltmeter  and  recorded  by  a ro* 

I cording  potentiometer. 

I 3.4  Recording.  Storing,  and  Reviewing  Combustion-Chamber  Pressure- 
Time  Histories 

In  order  to  facilitate  the  test  program,  it  was  desirable  that  a 
record  of  the  combustion-chamber  pressure  vs.  time  variations  be 
obtained  for  reference  use  after  the  completion  of  an  engine  test. 

The  oscilloscope-camera  records  were  not  sufficient  for  this  purpose 
since  photographs  of  this  type  could  be  taken  only  periodically. 
Consequently,  a tape  recorder  was  purchased  and  used  to  record  the 
desired  pres3ure-time  histories.  The  tape  recorder  selected  possessed 
characteristics  which  permitted  (1)  the  recording  of  absolute  as  well 
as  relative  pressures  and  (2)  the  superposing  of  impulses  indicating 
valve-plate  position  on  the  pressure-time  record. 

In  order  to  determine  the  magnitude  of  pressure-pickup  output, 

__ 
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equipment  whlcn  permitted  the  recordinc  of  known  calibrating  voltages 
on  the  tape  was  assembled,  and  the  output  of  the  high-frequency- 
response  pressure  pickup  was  compared  with  these  known  calibrating 
voltages ♦ 

Data  obtained  during  motor  tests  and  stored  on  the  tapes  were  re- 

! viewed  by  playing  back  the  record  and  feeding  the  output  of  the  player 

I 

Into  an  oscilloscope.  In  this  manner  the  pressure-time  diagrams  and 
the  valve-opening  and  valve-closing  times  could  then  be  reviewed 
'visually,  and  photographic  records  could  be  made  by  photographing  the 

j 

| oscilloscope  screen. 

I 

j 3«5  Measuring  Temperatures,  forces,  ana  Flow  Rates. 

Instruments  were  provided  also  to  facilitate  the  recording  of  data 
i from  which  quantities  such  as  engine  thrust,  fuel-flow  rate,  air-flow 

i 

irate,  and  miscellaneous  temperatures  were  calculated. 

I 

forces  on  the  impulse  targets  were  measured  by  means  of  force 
| rings  which  incorporated  strain-gage  bridges.  (Special  force  rings 
were  fabricated  to  ADC  specifications  by  Micro  Test  Inc. of  Los 
Angeles,  California.)  The  outputs  of  these  force  rings  were  recorded 
on  a self-balancing  recording  potentiometer,  and  the  net  thrust  was 
calculated  by  subtracting  the  magnitude  of  the  inlet  impulse  from  the 
magnitude  of  the  exit  impulse. 

The  fuel-flow  rate  was  measured  with  a Fischer- Porter  flow  meter. 

3 

j 

The  temperature  of  the  fuel  in  the  flow  meter  was  measured  with  the  j 

| 

/ ■»  j 

x 'Micro  Test  Inc.,  657  No.  Spaulding  Ave . , Los  Angeles  36,  California 
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aid  of  a copper-con3tantan  thermocouple,  and  the  pressure  in  the  rneter 
was  measured  with  ? dial  manometer.  Corrections  to  the  measured  fuel- 
flow  rate  were  made  for  fuel  temperature  and  pressure  deviations  from 
standard  conditions. 

The  air-flow  rate  was  measured  with  the  aid  of  a sharp-edge 
orifice  designed  in  accordance  with  American  Standards  Association 
specifications.  Pressure  differential  across  the  orifice  was  indicated 
by  a water  manometer;  pressure  upstream  of  the  orifice  was  measured 
with  a Bourdon-tube  gaga;  and  temperature  upstream  of  the  orifice  was 
measured  with  tne  aid  of  a copper-constantan  thermocouple. 

Temperatures  of  the  rotor  bearings,  the  valve-plato  housings, 
and  the  base  of  the  high-frequency-response  pressure  pickup  war ft- 
measured  in  order  to  determine  whether  or  not  these  temperatures  were 
being  held  within  safe  limits,  Chromel-alumel  and  copper  •ooustantau 
thermocouples  facilitated  these  measurements. 

'Ihe  temperature  of  the  combus tion-tube  wall  was  measured  in  order 
to  determine  the  relationship  between  this  temperature  and  combustion- 
tube  wall  surface-ignition  characteristics . Platinum  and  G7^-platinum 
13^-rhodium  thermocouples  were  used  for  these  measurements.  All 
thermocouple  outputs  were  recorded  on  self-balancing  recording  potentioj- 
meters . 
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SECTION  IV 


EXPERIMENTAL  TESTS 


L . 1 Experimental  Tests  Involving  Multi-Jot  Teat  Engine  No,  I . 

Since  several  question.")  of  a qualitative  nature  relating  to  the 
operation  of  Multi- Jet  test  engines  remained  unanswered  r.t  the  begin- 
ning of  the  present  contract  period,  and  since  Multi-Jet  test  Engine 
No.  2 was  not  scheduled  to  be  put  into  operation  until  the  seventh 
month  of  this  contract  period,  Multi-Jet  Test  Engine  No.  1 was  re- 
assembled and  subsequently  used  in  qualitative  studies  related  bo  the 
Multi-Jet  engine  development  program.  'The  simplicity  of  this  engine 
facilitated  the  quick  obtainment  of  useful  qualitative  answers.  How- 
ever, this  simplicity,  together  with  the  lack  of  adequate  instrumenta- 
tion, else  precluded  the  extraction  of  accurate  quantitative  data.  A 
photograph  of  Multi-Jet  Engine  No.  1 is  Bhown  in  Figure  2k.  Figure  25 
shows  the  engine  together  with  its  control  panel  and  safety  box. 

In  tests  performed  during  the  previous  contract  period,  the  com- 
bustion-chamber walls  were  heated  to  the  minimum  temperature  required 
for  initiation  of  surface  combustion  by  passing  a burning  ethylene- 
air  mixture  through  the  combustion  tube  while  the  valves  were  held  in 
the  open  position.  Eince  this  method  was  slow  and  resulted  in  unde- 
sirable heating  of  the  inlet  valve,  the  feasibility  of  operating  the 
engine  with  spark-  or  glow-plug  ignition  and  with  reduced  air-flow 
rates  in  order  to  hea*'  the  combustion-chamber  walls  to  the  minimum 
temperature  required  for  initiation  of  surface  combustion  was  investi- 
gated during  the  present  contract  period.  Tests  indicated  that  satis- 
factory heating  was  obtained  with  both  tynos  of  plugs  but  that  moro 
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Figure  25. 


Multi-Jet  Teat  Engine  No.  1,  Its  Con- 
trol Panel  and  Its  Safety  Box 
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rapid  heating  was  obtained  from  plow-plug  ignition  (a  continuous  igni- 
tion source)  than  from  spark-plug  ignition  (an  intermittent  ignition 
source),  elow-plug  ignition  was  used  therefore  during  the  tube-heat- 
ing period  in  all  tests  made  with  Test  Engine  Wo.  2. 

The  original  volume  between  the  front  valve  plate  and  the  front 
valve-plate  housing  of  Test  Engine  No.  1 was  45  cubic  inches.  During 
operation  of  the  engine,  a combustible  fuel-air  mixture  entered  and 
burned  within  the  front  valve-plate  housing,  heating  the  front  valve 
plate  and  the  neighboring  engine  components  to  excessive  temperatures. 
Although  experimental  evidence  was  not  available  due  to  the  lack  of 
adequate  i ns  triune  n tat  ion,  it  is  believed  that  this  burning  in  the 
front  valve-plate  housing  appreciably  impaired  engine  performance. 

''’he  burning  within  the  housing  has  been  eliminated  by  reducing  the 
volume  between  the  valve  plate  and  the  valve-plate  housing. 

Originally,  the  combustion  tubes  were  mounted  in  and  attached  to 
the  rest  of  the  engine  by  means  of  high-temperature-resistant  refrac- 
tory cements.  It  was  found,  however,  that  these  cemented  joints  did 
not  withstand  the  pressure  I'orces  encountered  during  the  engine  tests. 
Consequently,  a new  technique  for  mounting  the  tubes  was  sought,  and 
threads  cut  into  the  outer  surfaces  at  the  ends  of  lho  I atomic  tubas 
were  found  to  be  satisfactory.  Axial  expansion  of  r.he  tubes  was  per- 
mitted by  allowing  the  collar  into  which  the  aft  ond  of  the  tube  was 
screwed  to  slide  (with  only  a small  clearance)  relative  to  the  rear- 
valve  -plate  housing. 

It  was  found  also  that  Metamic  may  be  cut,  drilled,  and  capped 
with  standard  metal-shop  tools  and  practices,  a desirable  property. 
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: A combustion  tubs  constructed  from  a round  hetamic  tube  is  shown  in 


1 Figure  26.  It  shows  the  ends  threaded  to  receive  the  flanged  end  fit- 

t 

tings,  the  0.60  inch  diameter  hole  drilled  to  receive  the  high  fre- 

l 

I quency  pressure  pickup  with  a milled  flat  portion  to  receive  the  base 

j 

of  the  pickup  and  a l/I|.  inch  hole  drilled  and  tapped  to  receive  the 
glow  plug  * . • • ••  | 

i 

Combustion-chamber  wall  temperatures  of  2700°F  have  been  attain-  ' 

j 

ed  without  3ny  apparent  detrimental  effects  on  the  Ketamic  combustion  ] 
tubes,  and  peak  combustion  temperatures  have  been  obviously  hirher. 

j 

: rr’hl  s property  Is  also  desirable,  since  calculations  indicate  that  high  i 

! 

thrust-to-weipht  ratios  are  obtained  if  high  peak  combustion  tempera- 

1 

tures  can  be  utilized, 

i 

It  has  been  noted  that  Test  Engine  No.  1 operated  more  satisfac- 
torily with  a combustion  tube  having  a cross-sectional  area  of  approx- 
! imately  0.30  square  inch  than  with  a tube  having  a cross-sectional 
j area  of  approximately  0.2$  square  inch.  Similar  observations  were 
! made  while  operating  Test  Engine  No.  2 (Cf.  Section  U.3). 

i 

In  another  investigation,  a commercial  high-frequency-response 

i 

j water-cooled  pressure  pickup  was  counted  on  the  combustion  tube.  The 
| water  cooling  was  found  to  be  adequate  when  the  combus ti on-tube  wall 
i was  heated  to  2300°F.  The  pressure  pickup  was  attached  originally  to 

I 

i the  Metamic  combustion  tube  by  means  of  bolts  screwed  into  holes  tap- 

j 

pad  in  the  combustion-tube  wall.  However,  these  screws  melted  at  nigh 
combustion-tube  wall  temperatures.  Attaching  the  pressure  pickup  to 
j the  combustion  tube  by  means  of  a s t ainle ss -s teal  U bolt  eliminated 
this  problem.  When  the  pres  sure  pickup  was  mount-ed  on  a 6/0-inch- 
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diameter  combustion  tube,  a gas-tight  seal  between  the  pickup  and  the 
combustion  tube  was  not  maintained.  A gas-tight  seal  was  maintained, 
however,  when  the  pickup  was  mounted  on  a square  tube.  (The  square 
combustion  tube  permitted  the  use  of  plane  joints.  In  Test  Engine  No* 
2,  when  the  pressure  pickup  was  mounted  on  the  1-inch-diameter  tubes, 
a flat  surface  was  milled  on  the  tube  wall  in  order  to  allow  the  use 
of  plane  joints.)  Springs  which  were  inserted  between  the  pressure-  ; 

i 

pickup  flange  and  the  tie-down  nuts  held  this  flange  against  the  com-  ' 
bustion  tube  even  when  the  metals  in  the  several  components  of  the 
assembly  expanded  nonunif ormly . 

The  feasibility  of  operating  this  engine  with  liquid  hydrocarbon 
fuel  has  been  investigated.  After  installing  a pneumatic  atomizing 
nozzle  immediately  upstream  of  the  front  valve,  the  engine  was  cycled 
using  kerosene  which  had  been  atomized  by  the  nozzle  as  a fuel.  In 
order  to  heat  the  combustion-chamber  walls  to  a temperature  which  would 
sustain  surface  combustion,  the  engine  wau  cycled  burning  an  ethylene- 
air  mixture  ignited  by  a glow  plug.  It  was  possible  then  to  substitute 
a liquid  fuel  (kerosene)  for  the  gaseous  fuel  (ethylene)  and  to  cycle 
the  engine  burning  a kerosene-air  mixture  ignited  by  the  hot  combus- 
tion-chamber walls.  Tests  indicated,  however,  that,  in  order  to  sus- 
tain surface  combustion,  a higher  wall  tempera ture  is  required  with 
kerosene  than  with  ethylene. 

Tests  have  been  made  with  a clover-leaf  reed  valve  and  a venturi 
carburetor  installed  at  the  inlet  end  of  the  combustion  tube.  With  a 
clover-leaf  reed  valve  located  at  the  inlet  end  of  the  combustion  tube 


and  a rota tinr-pla te  valve  located  at  the  exhaust  end,  the  adjustment 
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; of  the  compression-phase  and  combus tion -phage  length  ratio  and  of  the 
expans ion-phas>  and  scavengo-phuse  length  ratio  la  accomplished  auto- 
' IT' o t ically  by  the  reaction  of  the  clover-leaf  reed  valve  to  pressure 
forces.  It  was  anticipated  that  this  automatic  pr oportioninp  of  the 
phase  lengths  would  facilitate  a determination  of  the  phase  lengths 
permitting  static  operation  of  the  engine  and  yielding  optimum  specifit 
fuel  c onsumption.  It  was  anticipated  also  that  the  carburetor  would 
■ eliminate  the  need  for  manual  fuel-flow  control.  Preliminary  tube- 
wall  heating  using  a gaseous  fuel  (such  as  ethylene)  and  a continuous 
ignition  source  (such  as  a glow  plug)  was  found  to  be  unnecessary* 
Heating  of  the  tube  walls  with  a liquid  fuel  ^gasoline)  and  an  inter- 
mittent ignition  source  (spark  plug)  was  accomplished  satisfactorily* 
Manual  control  of  the  fuel -flow  rate  was  found  as  expected,  to  be  un- 
necessary. Pressure-time  diagrams  of  the  type  reproduced  in  figure  27, 
| emphasizing  that  the  length  of  the  combustion  phase  could  be  decreased 

i 

.appreciably  bolow  the  lengths  previously  used,  have  been  obtained.  In 

, Figure  27,  pressure  increases  downward  while  time  increases  from  left 

! 

j to  rif  ht . 

| ^est  Hgalpment  for  Studying  Non-Stat-lonary  Surface  Combustion. 

The  combustion  phase  of  the  Multi-Jet  engine  cycle  was  found  to 

I 

I 

j be  the  most  difficult  phase  to  analyze  theoretically.  Moreover,  no 

i 

detailed  information  concerning  the  ignition  ana  burning  of  a combus- 
| tible  mixture  which  has  been  brought  suddenly  into  contact  with  a 

; heated  solid  surface  was  found  in  the  available  literature.  Conse- 

! 

| quently,  the  length  of  the  combustion  phase  (and  the  conditions  which 

i 

I would  favor  rapid  irnit.ion  and  rapid  burning)  could  not  be  predicted. 
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Figure  27.  Pressure  Time  Diagram.  Multi  Jet 
;'pst  Engine  No.  1 with  Reed  Type 
Inlet  Valve. 
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'"his  informtlon  would  be  extremely  useful,  however,  when  developing 

i 

J an  engine  of  the  Multi-Jet,  type,  and  therefore,  equipment  for  studying 
experimentally  the  ignition  of  a comou3tible  mixture  which  hes  been 
| brought  suddenly  into  contact  with  a heated  solid  surface  was  assem- 
bled . 


The  test  facilities  consisted  essentially  of  a test  section  at- 
tached to  a shock  tube.  The  shock-tube  is  pictured  in  Figure  26, 

(Both  the  shock  tube  and  test  section  possessed  square  cross-sectional 
areas.)  A heated  surface  (an  electrically  heated  nichrome  strip)  con- 
stituted the  lower  inside  surface  of  the  test  section,  and  the  two 
sides  of  the  section  were  comprised  of  observation  windows.  (See 
Figure  30. ) The  high-pressure  side  of  the  shock  tube  contained  com- 
pressed air,  and  the  low-pressure  side  contained  a combustible  fuel- 
air  mixture.  The  combustible  mixture  was  accelerated  and  passed  over 
1 the  heated  surface  by  the  action  of  a shock  wave  generated  within  the 
I shock  tube.  The  wave  diagram  is  shown  in  ^igure  32,  The  resulting 
phenomena  were  photographed  employing  three  techniques:  (1)  high- 
i speed  photo*-  raphy , using  a steady  arc  light  and  the  schlieren  techni- 
i quej  (2)  snap-shot  photography,  using  a spark  light  and  the  schlieren 
( technique;  and  (3)  high-speed  photography,  using  light  from  the  flame 

i itself.  The  schlieren  system  is  shown  in  Figure  29. 

i 

Most  of  the  equipment  used  in  conjunction  with  the  shock  tube  was 
I 

! constructed  originally  as  part  of  the  instrumentation  for  Multi-Jet 
| mes  t Engine  No,  2.  The  shock  tube  itself  'was  constructed  of  a stand- 
| ard  steel  square  tubing  which  had  been  used  first  to  calibrate  the 
! high-frequency-response  pressure  c age. 
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Figure  30.  Test  Section  Showing  the  Heater  Strips 
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The  success  of  th9  Multi-Jet  ^nrino  (as  for  all  constant  volume 
combustion  enpines)  depends  to  a larpe  extent  on  the  existence  of  very- 
rapid  burninp.  thG  preliminary  desipn  otudies  (Gf«,  Reference 

No.  1)  it  was  decided  to  use  the  surface  combustion  phenomenon  in 
order  to  ipnite  the  fuul-air  mixture  and  burn  it  rapidly.  It  was 
assumed  that  as  the  combustible  mixture  moved  into  the  tube  the  hot 
combus tion- tube  walls  would  heat  those  layers  of  the  mixture  adjacent 
to  the  walls  to  the  ipnition  point.  'Aie  mixture  would  burn  then  with 
a cylindrical  flame  travelling  radially  inward.  Such  a flame  would 
have  to  travel  only  through  the  radius  of  the  tube.  *rie  mixture  that 
entered  the  tube  first  would  be  ipnited  first,  and  an  oblique  flame 

i 

front  would  be  formed  at  a small  anple  o(  with  the  combustion  tube 
wall.  A sketch  of  this  phenomenon  is  shown  in  r'ipure  33*  A number  of 

j questions  which  arose  could  not  be  answered  analytically.  It  was 

i 

| necessary  to  know  (l)  the  conditions  under  which  ipnition  of  the  fuel- 

! 

air  mixture  would  occur  and  (2)  the 
time -dependent  shape  and  location  of 
the  flame  front  so  that  the  Multi- 
' Jet  combustion-tube  conf lpura tion 
■could  be  determined.  It  was  neces- 

j 

sary  also  that  the  fuel-air  mixture 
| be  ipnited  before  the  combustion 

i 

, tube  was  closed  and  that  it  be  al- 

1 

lowed  to  burn  only  after  the  tube  was  closed.  A larpe  value  of  com- 
bustion tube  lenpth  as  compared  with  Z and  a larpe  value  of  c<  would 
cause  the  mixture  to  burn  at  constant  pressure  (i.e.,  before  the  tube 
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could  be  closed).  Also,  a tube  length  smaller  tnan  the  distance  Z 

i 

i 

j would  produce  no  ignition  before  the  combustion  tube  wa3  closed  by  the 

. valves . 

I ; 

| The  shock  tube  as  described  above  was  capable  of  reproducing  in  j 

i 

two  dimensions  a close  approximation  of  the  condition?,  occurring  In 

» 

the  Multi-Jet  combustion  tube  as  the  combustible  mixture  travelled  into 

and  through  the  tube.  High-speed  photographs  taken  using  light  from 

i 

I the  flame  itself  indicated  that  a combustion  zone  formed  and  decayed 
immediately  adjacent  to  the  heated  surface.  This  combustion  zone  was 
i of  the  type  described  above.  High-speed  photographs  taken  using  a 
j steady  arc  light  and  the  schlieren  technique  could  not  be  analyzed  be- 
cause random  density  gradients  (produced  by  the  heat  of  the  carbon  arc 
light  source)  existed  in  the  schlieren  field.  Snap-shot  photographs 
' taken  using  a sychronized  spark  light  and  the  s chlieren  technique  were 
; inconclusive  since  the  trigger  and  synchronizing  circuits  were  not 

■ operating  consistently.  However,  density  gradients  which  were  inter- 

i 

| preted  to  be  the  result,  of  combustion  were  photographed.  A typical 

i 

j photopraph  is  shown  in  Figure  31 • 

The  results  of  the  preliminary  study  indicated  that,  with  realis-  ' 

tic  improvements  in  photographic  techniques,  the  imition  of  a combus- 

l 

j tible  mixture  which  has  been  brought  suddenly  into  contact  with  a 

| heated  solid  surface  can  be  si.uc.ied  experimental]  y with  relatively 

1 

I 

| simple  equipment,  «.  few  photographs  such  as  shown  in  Figure  31  were 
I taken,  but.  sufficient  data  could  not  be  obtained  since  practically  all 

I 

j of  this  contractor's  efforts  were  concentrated  upon  the  testing  with 


i ^est  hnplne  No.  2.  Very  i 1 * tie  effort  would  be  required,  however,  in 

I 
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order  to  put  the  equipment  into  operation  and  to  obtain  information 
useful  in  determining  the  design  of  the  Multi-Jet  engine  combustion 
tubes . 

I4. . 3 Experimental  ^ests  Involving  Multi-Jet  Test  Engine  No,  2. 

i 

The  primary  objective  of  experimental  tests  involving  Multi-Jet 
Test  Engine  No.  2 was  to  determine  the  specific  fuel  consumption  of  a 

I 

Multi -Jet  engine  as  a function  of  tuba  geometry,  relative  phase  lengthy 
cycle  frequency,  valve  leakages,  and  fuel-air  ratio.  "ITie  development 
of  an  engine  which  will  operate  on  the  Multi-Jet  cycle,  produce  net 

I 

thrust,  and  lead  itself  to  quantitative  testing  constitutes  the  first  | 
step  in  such  a prorram,  n'he  completion  of  this  first  step  consumed 

I 

most  of  the  time  remaininr  in  this  con'  ract  period  afger  assembly  of  | 
mes  t Engine  No.  2 was  completed.  ! 

Valve  conf if uro t.ions  which  were  tested  in  ■'■his  engine  are  sum- 
marized in  Table  1.  The  sum  of  the  exhaust-  and  scavenge-phase  dura- 
tions is  proportional  to  the  angle  subtended  by  the  open  portion  of 
the  exha ust -valve  plate;  the  sum  of  the  scavenge-  and  compression- 
phase  durations  is  proportional  to  ''he  angle  subtended  by  the  open 
portion  of  the  inlet  valve;  the  sum  of  the  compression-  and  burning- 
phase  durations  is  proportional  to  the  angle  subtended  by  the  closed 
portion  of  the  oxhaust  valve;  and  the  sum  of  the  burning-  and  exhauet- 
phase  durations  is  proportional  to  the  angle  subtended  by  the  closed 
portion  of  the  inlet  valve.  The  tests  in  which  each  of  these  valve 
confif  uratlons  was  used  are  noted  at  the  top  of  the  table. 

Phase  lengths  and  tune  geometries  which  were  tested  in  this  engino 
are  summarized  in  Table  2.  The  desired  phase  lengtns  were  obtained  by 
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selecting  the  appropriu t-e  valve  plates  and  attaching  tnem  to  the  rotor 
shaft  in  the  appropriate  angular  relationship. 

mhree  methods  ex'  fuel  injection  were  attempted:  (1)  injecting  at  j 
constant  pressure  and  at  a point  immediately  upstream  from  the  front  i 

i 

valve  into  a tube  having  the  same  diameter  as  the  combust ion- tube; 

j 

(2)  injecting  at  constant  pressure  into  the  combustion  tube  at.  a point 
immediately  downstream  from  the  inlet  valve;  and  (3)  injecting  far  up-, 

I 

stream  from  the  inlet  valve  (i.e.,  whore  the  air  flow  is  steady).  j 

mhe  first  of  these  methods  was  used  in  tests  1 through  llg,  the 
third  v:as  tried  in  tests  kb  and  30,  raid  the  second  was  used  in  all 
other  tests.  It  was  observed  in  tests  1 t tiro  ugh  lig  and  ig6  and  50 
that  the  combustible  mixture  was  burning  within  the  front  valve  hous- 
ing before  it  entered  the  combustion  tube,  whoreas  in  all  other  tests 
no  burning  occurred  within  this  housing. 

^he  burning  of  the  fuel-air  mixture  at  the  front  valve  could  be 
due  either  to  the  fact  that  the  valve  is  enclosed  in  a housing,  where 
the  combustible  mixture  can  collect,  and  burn,  or  to  the  poor  valve 
timing  encountered  in  the  early  tests  (e.g.,  a long  pulse  compression 
phase  would  ullow  the  compression  wave  to  move  out  of  the  front  end  of 
‘he  tube,  carrying  a flame  which  iinites  the  combustible  mixture  and 
causes  it  to  burn  within  the  inlet,  valve  housing).  Injection  of  fuel 
directly  into  the  combustion  tube  eliminated  the  presence  of  a combus- 
tible mixture  in  the  inlet  valve  housing  and  therefore  prevented  any 
flame  hold!  rig  there.  The  problem  of  flameholding  at  the  inlet,  valve 
should  not,  be  encountered  in  the  flight  model  of  the  Multi-Jet  iingine, 
which  will  contain  a multiplicity  of  tubes,  since  there  will  be  a con- 
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tinuous  flow  of  air  around  the  valve. 

Tho  1 >aclint-  edges  of  the  valves  used'  in  tests  1 to  26  were  not  bo 
bevelled,  Starting  with  test.  27*  the  leading  edges  were  bevelled  in 
order  to  give  the  valve  plates  a streamline  cross-3ection  in  the 
direction  of  rotation  (see  Figures  6 and  7,  Section  II). 

The  air-supply  duct,  for  tests  1 to  lli  is  shown  in  figure  34. 
During  the s » tests  the  Inlet  i:.. pulse  target  was  attached  directly  to 
the  front  valve  housing,  and  no  thrust  measurements  were  made.  The 
air-supply  duct  between  the  inlet  impulse  target  and  the  inlet  valve 
housing  for  tests  15  to  56  is  shown  In  Figure  35.  The  thin  rubber 
membrane  used  at  the  Joint  between  tho  inlet,  impulse  target  and  the 
inlet  valve  housing  was  not  successful  since  It  could  not  hold  the 
high  pressures  existing  in  the  air  supply  line.  Starting  with  test 
57,  therefore,  a diaphragm  was  installed  at  the  joint  between  the  Im- 
pulse target  and  the  engine  (see  Figure  36).  A description  of  this 
lapiragrc  and  of  the  calibration  of  the  inlet-  impulse  target  is  given 
in  Section  II. 

Since  all  the  test,  result's  from  Tost  Engine  No,  1 were  obtained 
with  a round  hetamic  tube  5/&  inch  in  diameter  and  6 inches  long,  it 
was  decided  to  install  a similar  tube  in  mest.  Sngine  No,  2 during  the 
first  test  runs.  The  huafin-  rate  was  fair  on  these  first  tests. 

After  installing  a 9/l6-incn  square  tube  6 inches  long  with  the  pres- 
sure pickup  mounted  2 Inches  from  the  inlet  valve,  it  war  observed 
that,  the  heating  rate  was  reduced  appreciably.  This  was  probably  due 
partly  to  the  cooling  effect  of  the  water  -cook’d  pressure  rage  and 
partly  to  the  smeller  rross-sec tional  area  of  the  square  tube.  This 
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' problem  was  alleviated  somewhat  by  increasing  the  tube  length  to  9 
inches,  but  the  heating  rate  was  still  too  low.  The  best  heating  rate, 

i 

i was  obtained  when  a 1-inch-diameter  tube  was  installed  in  the  engine,  , 

I The  improvement  can  be  explained  by  the  balance  of  heat  transfer  to 

i I 

the  tube  and  heat  losses  from  the  tube.  The  heat,  release  in  the  tuba  j 
is  proportional  to  D^L  (where  D is  the  tube  diameter  and  L is  the 
l length).  The  heat,  transfer  to  the  walls  is  proportional  to  the  sur- 
face area  (or  DL) , The  heat  losses  occur  at  three  points:  (1)  at  the 
tube  ends  (heat  lost  is  proportional  to  D),  (2)  from  the  walls  (heat  I 

i 

lost  is  proportional  to  DL) , and  (3)  at  the  water  cooled  hirh-frc- 
| quency  response  pressure  pickup  (heat  lost  is  constant).  Therefore, 
it  can  be  seen  that  increasing  the  tube  diameter  and  tube  length  will  ! 
increase  the  heating  rate.  All  subsequent  testing,  was  performed  in 
1 -inch-diameter  tubes.  Furthermore,  a tube  length  of  12  inches  was  j 

i i 

, used  so  that  the  results  of  tests  employing  different  valve  configura- 
j tions  could  be  compared  more  easily.  It  is  orobnble  +-hat  the  poor 

I 

j heating  rate  of  the  small  tubes  was  aggravated  by  tne  inefficient 

i 

j Mult.i-Jet  cycle  realized  at  that,  timf  Once  an  efficient  Multi-Jet 

I 

[ cycle  is  found,  better  heating  characteristics  may  be  obtained  even 

| 

! with  the  small  combustion  tubes. 

Pressure-time  histories  during  some  of  the  early  tests  in  a 1-inch-, 
l 

j diameter  tube  6 inches  long  Indicated  that  burning  occurred  only 

| 

during  every  other  cycle  when  relatively  high  combustion-chamber  pres- 
j sure3  (pressure  ration  4)  were  realized,  A typical  example  of  thic 
'unexpected  combustion  phenomenon  is  described  by  Figures  37  and 
38.  The  first  figure  is  a photograph  of  the  pressure-time  diagram  as 
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seen  on  the  oscilloscope  screen,  and  the  second  figure  is  an  enlarged 
sketch  of  the  diagram  presented  in  i igure  37» 

i 

The  valve  timing  Is  indicated  in  f'igure  37  by  light  and  dark 
spots  on  the  trace.  The  bright  spot  indicates  the  time  at  wnich  the 
exhaust  end  of  the  tube  is  half  open,  i.e.,  this  spot  is  an  index  of 

i 

the  beginning  of  the  exhaust  phase.  ihe  aark  spot  indicates  the  time  j 
' at  which  the  exhaust  end  of  the  tube  is  half  closed,  i.e.,  this  spot  ! 

■ is  an  index  of  the  beginning  of  the  compression  phase.  The  times  at  ] 

which  the  valves  berin  tc  open  or  close  are  indicated  directly  in 
Figure  3S • 

i 

An  inspection  of  these  figures  reveals  that  the  valve  at  the  in- 

I 

let  end  of  the  combustion  tube  opened  during  the  first  cycle  before 
the  pressure  within  the  inlet  end  of  the  tube  had  decreased  to  a value 
! less  than  that  which  existed  within  the  inlet,  duct.  Such  a pressure 
! differential  would  cause  rases  to  move  in  the  upstream  direction 

1 i 

i during  the  early  portion  of  the  scavenge  phase  and  would  prevent,  thus, 

' 

| a combustible  mixture  from  entering  the  combustion  tube  during  the 

I scavenge  and  compression  phases  of  this  cycle.  Consequently,  burning 

i x 

j would  not  occur  during  the  second  cyclo.  Scavenging  the  combustion 

j 

1 tube  of  burned  gases  and  charging  this  tube  with  combustible  gases 
i 

; could  take  place  during  the  second  cycle,  however,  since  the  supply 
pressure  would  be  greater  now  than  tne  combustion-chamber  pressure  at 
the  beginning  of  the  scavenge  phase  of  this  cycle.  The  third  cycle 
would  now  repeat  thv  first  cycle,  i.e.,  burning  would  occur,  combustion- 
chamber  pressure  would  rise,  scavenging  would  not  occur  properly,  and 
the  cycle  would  end  with  the  combustion  chamber  filled  with  a non- 
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J c ombus *■  ible  mixture.  ! 

j The  maximum  combustion-chamber  pressure  observed  in  ca^ea  where  | 

| burning  occurred  during  every  other  cycle  exceeded  appreciably  the  j 

i maximum  combust! on -chamber  pressure  observed  when  burning  occurred 

! i 

j during  every  cycle.  ^hese  observations  substantiate  the  belief  that  , 

the  exhaust  time  is  too  short  whenever  burning  occurs  only  during  every) 
i “j 

other  cycle.  The  duration  of  the  exhaust  nhase,  which  is  required  in 

i order  to  produce  a combustion-chamber  pressure  smaller  than  the  pres-  j 

i 

i sure  in  the  inlet,  duct  at  the  time  the  inlet  valve  begins  to  open,  in-  ! 

; i 

j creases  as  the  maximum  combustion-chamber  pressure  increases. 

Maximum  combustion-chamber  pressures  from  2 l/2  to  4 atmospheres 

I 

have  been  observed  in  the  cases  where  burning  occurred  during  every 
other  cycle.  This  difference  in  maximum  pressures  depended  upon  the 

i 

lvalues  of  parameters  such  as  air-flow  ru'e,  fuel-flow  rate,  and  cycle 
! frequency. 

Lengths  of  the  pul  so -compress  ion,  combustion,  expansion,  and 
| scavenge  phases  were  in  the  ratios  1 : 22  : 4 * 18  for  t.he  test  (test  I 
40)  during  which  Figure  37  was  photographed.  In  an  attempt  to  improve 
the  scavenging  process  and  to  learn  more  about  the  conditions  which 
lead  to  burning  only  during  evory  other  cycle,  ohe  length  of  the  ex- 
haust phase  relative  to  the  other  phases  of  the  cycle  was  increased. 

A.  typical  example  of  the  pressure-time  history  obtained  during  a 
teat  run  of  a cycle  having  increased  exhaust  time  is  presented  in  1 

Figures  3V  and  I4O.  The  lengths  of  pulse  compression,  combustion,  ex- 
pansion, and  scavenge  were  in  the  ratios  1 : 1.6  : 1.37  • 1.43  for  the 
teat  (test  4 7)  during  which  this  fig'ire  was  photographed.  Although 
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Figure  39.  Photograph  of  Pressure  Time  and  Refer- 
ence Voltage  Diagrams  (Test  Run  l±7 ) 


Flguro  I4.O . Photograph  of  Pressure  Timo  Diagram 
(Test  Run  I4.7 ) 
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firing  was  obtained  in  every  cycle,  peak  pressure  ratios  greater  than  j 


four  could  not  be  obtained  with  the  various  valve  confi  "urations  test- 
ed in  tests  41  to  68.  however,  a significant  advance  was  made  during 
these  tests  when  "’est  on?  ine  No.  2 was  oporatei  using  relatively  high 
air-flow  rates  ( scavenge-phase  air-flow  velocities  of  approximately 
400-500  ft/sec)  with  no  decrease  in  combust! on- tube  wall  temperature 
and  with  cyclic  ignition  of  the  fresh  charge  by  non-s tationary  sur- 

I 

face  combustion,  ^hrust  measurements  made  during  all  the  above  tests 


still  indicated  that  no  net  thrust,  was  obtained.  \ 

j 

i 

Computations  of  the  iueal  cycle,  which  were  made  during  the  pre-  ] 
vious  contract  period  (reported  in  Reference  1),  indicate  that  the 
Multi-Jet  Engine  must  be  operating  at  peak  cycle  pressures  of  more  thar 
4 in  order  to  obtain  any  appreciable  net  thrust.  See  Figures  4l  and 
42  which  are  reproduced  from  Reference  1.  Therefore,  further  tests  on 
Test  Engine  No.  2 were  pointed  in  the  direction  of  obtaining  higher 
maximum  cycle  pressure  rutios. 

In  order  to  determine  whether  some  of  the  fuel-air  mixture  is 
passing  cor.nletely  through  the  tube  during  the  scavenge  phase  without 

burning  at  constant  volume,  the  air  mass  flow  is  calculated  by  two 

. . 1 

methods;  (1)  from  the  measured  pressure  drop  across  the  standard  ori- 
fice, and  (2)  from  the  density  of  the  air  in  the  tub';  during  each 
cycle  and  the  frequency  or  the  cycle.  It  is  assumed  that  supply  pres- 

I 

sure  and  tompera turo  exist  in  the  combustion  tube  before  combustion 
begins , '4i«  second  method  of  calcuja  tier,  should  rive  a result  which 

is  higher  than  the  actual  value  (since  the  temperature  of  the  gases  in 

I 

the  tube  will  actually  be  rrea’ar  tnan  the  supply  temperature  assumed  ! 
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in  the  above  c amputations ) . 

; However,  calculation  of  the  mass  flow  by  the  first  method  pave  a 

: lor far  result  than  the  second  method,  indicating  that  more  air  is  sup- 
1 plied  to  the  engine  than  can  be  received  by  the  combustion  tube.  It 
was  concluded  that  some  fuel-air  mixture  was  passing  completely  through! 
■ the  combustion  tube  before  the  tube  could  be  closed.  The  ejection  of  j 
this  air  would  lead  also  to  low  values  of  net  thrust,  , 

i 

It  was  believed  also  that  a large  percentage  of  the  mixture  was 
burning  before  the  tube  could  be  closed.  In.  order  to  decrease  the  stay 
time  of  the  fuel -air  mixture  in  the  tube  before  the  tube  is  closed,  the 

I 

pulse  compression  phase  was  eliminated  from  the  valve  configuration. 

It  was  assumed  that  some  burning  was  occurring  before  the  tube  was  j 

I 

closed  (this  burning  would  be  occurring  at  constant  pressure),  thus 
reducing  the  maximum  cycle  pressure  and  the  efficiency  of  the  engine. 

I 

M'he  lengths  of  expansion,  scavenge  and  burning  were  in  the  ratios 

: 1 : 2.1  : 2.4. 


"he  above  confi  uration  was  tested  in  tee's  99  to  6t , and  a peak 
j cycle  pressure  ratio  greater  than  4 was  obtained.  Pressure  ratios 
1 varied  from  5 to  h„p,  depending  on  the  test  conditions.  A photograph 

I 

| of  a high  pressure  cycle  (test  64)  is  shown  in  figure  43.  Although 
the  specific  fuel  consumption  was  high  6 to  10),  this  configuration 

was  the  first  to  give  any  appreciable  net  thrust.  A net  thrust  of 

j 

1.30  pounds  per  sq  iare  inch  of  combustion  tube  flow  area  was  obtained. 
Calculation  of  mass  flow  by  the  me  thou  described  above  still  indicated 
that  fuel-air  mixture  was  be  in/,  lost  before  the  tube  was  closed.  This 
fact  would  indicate  t.hnt  scavenge  time  could  bo  reduced. 
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Figure  i+3»  The  Pressure -Tima  Diagr&ai  for  Peak 
Cycle  Pressure  Ratio  of  6.5 
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Stainless  steel  (Type  302)  combustion  tubes  with  I/I4.  inch  thick 
walls  were  used  during  most  tests  in  the  last  month  of  the  contract 

■period.  Usually  more  than  one  run  could  be  made  if  the  tube  tempera- 

i 

'tures  were  carefully  watched  durinr  the  test  run.  However,  during 

1 

some  of  the  test  runs  the  t-ube  temperature  reached  a value  hi  a b caused 
the  tube  to  fail,  A photograph  of  such  a failure  is  shown  in  Figure 
I4I4..  It  shows  that  the  tube  failed  under  stress  due  to  pressixre  rather 
than  due  to  softeninr  and  meltinr.  This  fact  would  indicate  that  high 
pressures  were  obtained  in  the  combustion  tube. 

Figure  kS  shows  a typical  pressure  diagram  obtained  during  tests 

'59  to  6fa.  It  shows  (1)  a rapid  rise  of  pressure  as  soon  as  the  tube 
is  closed  (the  double  valve -timing  mark  indicates  when  the  tube  is 
only  half  closed)  and  (2)  a high  pressure  plateau  indicating  that  com- 
bustion is  completed  and  t.ha  t the  stay  time  of  the  mixture  within  the 
tube  is  too  long.  It  can  be  3eon,  therefore,  that  the  combustion  time 
can  be  reduced  appreciably.  Such  a reduction  should  result  in  a con- 
figuration that  will  produce  a greater  value  of  net  thrust. 

I It.  was  decided  then  to  try  a valve  c onfi  pur  a tion  that  included  a 

short  pulse-compression  phase.  ihe  ratio  of  exhaust  : scavenge  : pulse 
compression  : burning  was  1.00  : 1,77  ' 0,11  : 2.12.  The  tests  per- 
formed with  this  conf  i . urati  on  showed  that,  it  was  not  as  officiant  as 


| 

! the  configuration  without  pulse  compression, 
i tion  was  obtained  by  changing  the  phase  angle 

J 

l 

exhaust  valves,  the  ratios  of  the  cycle  phuue 

} 

constant  for  the  two  configurations. 

! order  to  reach  definite  conclusions. 


"hince  the  new  configure-  1 
between  the  inlot  und 
lengths  could  not  be  kept 
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Figure  [|i;  • Stainless  Steel  Combustion  Tub©  Show- 
ing High  Temperature  and  High  Pressure 
Failure 
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Figure  45*  Pressure -•'I’ir.w  Diagram  Indicating  a Long 
Burning  Phase 
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A systematic  investigation  of  the  effect,  of  valve  clearances  on  1 

| the  efficiency  of  the  cycle  was  not  completed,  since  a working  con- 

| figuration  of  the  hulti-Jet  Engine  was  not  obtained  until  late  in  the 

) 1 

contract  period*  However,  peculiar  pressure  diagrams  obtained  during  ! 

t | 

various  test  runs,  such  as  shown  in  f'irures  I4.6  and  if 7 seoraeu  to  indi- 
cate that  ioakapos  were  present.  j 

Figure  I4.6  shows  a photopraph  of  one  cycle.  The  dork  spots  indi-  | 

I 

{ 

cate  the  tin.es  at  which  the  ends  of  combustion  tube  are  either  half 
open  or  half  closed.  The  larro  dark  spot  indicates  the  time  at.  which  j 
the  inlet  end  of  the  combus  ti on  tube  is  half  open  l the  be^innlnf-  of  ' 

scavenge);  the  next  spot  (time  increases  to  the  rijht)  inuieaes  the 
berinninp  ol'  pulse  compression;  t.he  third  indicates  the  bni.  lrmirip  of  j 

burninr;  and  the  fourth  indicu’os  t.h«i  bnpinnl  up  of  oxhaust.  it,  can 

l 

bo  seen  that  during  the  burning  phase  (when  the  tube  is  closed  at  the 

front,  und  car)  the  press  >r<-  starts  at  a hi  / h level  and  irops  almost  j 

: to  atmospheric  pressure  iovel.  uurin,<  t.he  pulse  comprossi on  phase  the! 

i pressure  rises  considerably  be  fora  t.he  tube  is  tot, ally  enclosed.  This  1 

! 

j hii  h pressure  durlu<  puise  compression  would  cause  the  fuel-air  mixturd 
flowing  Into  the  tube,  a*  the  lulnl  t«  iov«ryti  ita'-lf,  tijjua,  ju-o vantlnp  : 

i 

i th s i u bo  from  heitM  ehMfcplefdly  ft  find  wl  M*  f sniJU  1 

t 

1 d u1  in*  iljft  t p i»t' t J e til  at  > # y*  ip  , I 

i i 1 

Usually  t'ba  nyul»  shown  iu  Pl»  htb  if.6  is  followed  bv  a mgal®  that 
iuaka  JUbffM»2|,  TMb  1b  M«uwu  ?.«  * If  nr«  kl*  *51i»  dutv  spat  iu  (iw 
sjeccHirt  or  ijk/Ih&Ri  l rycJw  iitdll  r* » *♦»  Mr*  hlnil  <j4*  *rxfiwu«t<  In  1 it*»  nit  kjw 
y mtmmi  sef  *!*1«  ttirlf  »;•*»*  * wr  is  Mi-*  »•  srni  f,  nhnyn^  flws 
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Pressure  Time  Diagram  Indicating 
Leakage  in  the  Tube 


Figure  I4.6 


Figure  L7 
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age  in  the  Tube 


AEROPHYSICS  DEVELOPMENT  CORPORATION 

PACIFIC  PALISADES,  CALIFORNIA 


2003-I-te 


LQg£»... 


completed.  Previous  to  + his  phase,  during  pulse  compression  and 
scavenre,  there  is  little  or  no  pressure  rise.  Using  these  observa- 
tions the  following  hypothesis  can  be  formulated.  Looking  at  Figure 
i;7 , during  the  first  cycle  the  high  pressure  rise  occurrinp  during 
pulse  compression  causes  the  tube  to  bo  only  partly  filled  with  new 
fuel-air  mixture.  Returning  now  to  the  first  cycle  the  mixture  in  the 
tube  burns  rapidly  (av.  present  it  is  not  clear  what  trippers  the  mix- 


ture durinp  pulse  compression)  as  the  tubo  closes  to  start  the  burning j 

I 

phase.  When  the  tube  is  opened  then,  during  the  exhaust  and  scavenge  j 

! 

phases,  the  pressure  in  the  air  supply  system  causes  scavenge  to  pro- 
ceed now  without  ar.y  interference  from  a pressure  rise  due  to  pulse  | 

compression.  Thus,  in  the  second  cycle  combustion  proceeds  as  ex- 
pected and  the  pressure  rises  durinp  the  burnlnf  phase.  At  first 
glance  it  appears  that,  no  leaking  is  occurring  during  the  second  cycle 
indicating  that  perhaps  the  clearances  are  smaller  for  the  particular 
valve  blades  now  closing  the  tube  (perhaps  due  to  valve  plate  wobble; 
Cf„  Section  III).  However,  since  during  the  second  cycle  better 
scavenging  occurred  there  is  a greater  percentage  of  fuel-air  mixture 
present  than  in  the  first  cycle.  uien  if  the  leakages  are  not  present 
a higher  pr -ssure  should  be  observed  or  if  the  leakages  are  present 
then  the  pressure  will  rise  rapidly,  the  mixture  will  start  to  leak  out} 
of  the  tube,  the  pressure  will  tend  to  drop,  more  mixturu  will  burn, 
the  press  ire  will  tend  to  rise;  this  loss  and  gain  of  pressure  will 
occur  until  the  exhaust  valve  opens  when  the  pressure  will  drop  im- 
mediately to  atmospheric.  'Hue  above  is  only  an  hypothesis  and  cannot 
be  substantioted  definitely  by  the  >.est  results.  However,  at.  the 
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completion  of  these  tests  an  investigation  of  the  valve  clearances 

i j 

, showed  that  they  were  of  the  order  of  l/32  inch  or  more.  By  reducing  j 

j 

| the  clearances  to  the  order  of  0.005  inch  and  repeating  the  run  a 

| 

j pressure  diagram  given  in  Figure  was  obtained.  All  of  the  above 
pressure  diagrams  were  obtained  during  Test  Hun  No,  Lp7 • 


Visual  observations  of  the  engine  exhaust  suggested  that  the  ex-  j 
iiaust  was  being  deflected  in  a direction  opposed  to  the  direction  of 
motion  of  the  valve-plate  blade  across  the  end  of  the  combustion  tube. 
High-speed  motion  pictures  confirmed  this  unexpected  observation.  The 
' trailing  ed.-e  of  the  valve-plate  eludes  ( l/g  inch  thick)  acted  appar- 

entlv  as  a solid  wall  as  it  crosses  the  tube  opening  and  the  gases 

; J , I 

expanued  then  away  from  this  wall.  The  aft  valve  plate  was  modified 

| i 

consequently,  with  the  result  that  the  surfaces  at  the  trailing  edges  \ 

of  the  valve-plate  blades  made  then  a H5°  angle  with  the  center  line 
! i 

; the  combustion  tube  and  permitted  the  exhaust  gases  to  expand  more  | 

freely  in  all  directions. 

« 
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SECTION  V 
CYCLE  ANALYSIS 


5.1  Non-Vlscous  Non-Statlonar.y  Flows 

The  graphical  method  introduced  by  de  Haller  (Cf.  References  ij. 
and  5)  for  solving  certain  non-viscous  non-stationary  flow  problems 
was  used  to  construct  characteristic  diagrams  for  flows  in  a statically 
operating  Multi-Jet  engine  combustion  tube.  These  diagrams  are  useful 
in  determining  the  optimum  valve-plate  configuration  and  the  optimum 
rotor  speed  for  a Multi-Jet  engine  which  is  operating  statically. 

The  computations  for  these  characteristic  diagrams  were  based  on 
! the  followin'  assumptions: 

i 

: 

■ 1.  The  cross-sectional  area  of  the  combustion  tube  is  constant. 

2.  Plow  passages  in  which  the  cross-sectional  area  changes  sud- 
; denly  with  respect  to  axial  distance  ( the  tube  ends  when  the 

valves  are  opening  or  closing)  have  the  characteristics  of 
very  short  nozzles,  i.e.,  flows  through  these  passages  may 
be  described  by  the  equations  of  steady  adiabatic  fluid  flow3. 

I 

| 3«  During  the  scavenge  and  compression  phases,  the  static 

pressure  at  the  tube  inlet  is  related  to  the  ambient  pressure 

j 

by  the  Bernoulli  Equation.  'This  assumption  implies  that 
during  the  scavenge  and  compression  phases  the  static  pressure 
at  the  tube  in.let  is  less  than  the  ambient  pressure. 

4.  During  the  scavenge  and  compression  phases,  the  total  tempera- 
ture of  the  combustible  mixture  is  constant, 

5.  The  increase  In  fluid  entropy  caused  by  passage  of  a shock 
wave  through  the  fluid  is  negligible.  (This  assumption  is 
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engine  is  operating  statically,  thon  the  total  pressure  of 
the  free  stream  equals  the  ambient  pressure.) 

2.  The  pressure  in  the  tube  at  the  inlet  valve  is  allowed  to  de- 
crease to  a value  equal  to  the  total  pressure  of  the  free 
stream  before  the  inlet  valve  is  opened* 

i 

j 

The  characteristic  diagrams  (Figures  1;.0  and  ip 9 ) which  were  constructed 
describe  the  exhaust  and  scavenge  phases  as  follows  (see  Figure  4^  An 
particular):  As  the  exhaust  valve  is  opened,  an  expansion  wave  I forms 

; and  travels  toward  the  closed  Inlet  valve.  This  expansion  wave  ar- 
[ rives  eventually  at  the  inlet  valve  (decreasing  the  pressure  in  the 

i tube  at  the  Inlet  valve),  reflects  from  the  inlet  valve  as  an  ex-  i 

1 ! 

pension  wave  II,  and  travels  back  towards  the  open  exhaust  valve.  If 
the  exhaust  flow  is  sonic,  then  this  expansion  wave  reflects  from  the 

. open  exhaust  valve  as  an  expansion  wave  ill;  If  the  exhaust  flow  is 

i 

subsonic,  thon  this  expansion  wave  reflects  from  the  open  exhaust  valve 
as  a compression  wave  IV.  When  the  pressure  in  the  tube  at  the  inlet 
j valve  has  dropped  to  a value  which  gives  the  desired  pressure  ratio 
across  the  inlet  valve,  the  inlet  valve  is  opened  and  a compression 
wave  V forms  and  travels  towards  the  open  exhaust  valve:  fluid  flows 
subsequently  with  a velocity  corresponding  to  a Mach  number  of  approxi-i 
matelv  0.6  into  the  combustion  tube.  Compression  wave  IV  reaches 
eventually  the  open  inlet  valve  (decreasing  the  Mach  number  of  the 
entering  fluid  and,  in  some  cases,  reversing  the  direction  of  flow); 
i compression  wave  V reflects  from  the  open  exhaust  valve  as  an  ox- 

i 

par. sion  wave  VI  and  also  reaches  eventually  the  open  inlet  valve  (in- 
j creasing  the  Mach  number  of  the  entering  fluid).  The  net  effect  of 
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waves  IV  arid  VI  is  to  decrease  the  Ilach  number  of  the  entering;  fluid 
to  a value  less  than  0.6. 

| If  Due  pressure  in  the  tube  at.  the  inlet,  valve  is  allowed  ^o  be- 

| crease  to  a value  equal  to  1/2  the  total  pressure  of  the  free  stream 
• before  the  inlet  valve  is  opened  (case  JL,  Figure  !+b),  then  the  fluid 

j moves  initlallv  into  the  tube  at  a Mach  number  of  approximately  O.f . 

j 

j Compression  wave  IV  reverses  the  flow  at  the  tube  inlet;  expansion 
! wave  VI  reverses  again  the  flow  at  the  tube  inlet  and  causes  the  fluid 

j to  move  into  the  tube  at  a Fach  number  of  approximately  0.3  during  the 

i 

j remainder  of  the  scavenge  period.  examination  of  the  characteristic 
| diagram  reveals  that  the  tube  can  be  scavenged  more  quickly  only  if 
j the  travel  of  compression  wave  IV  is  delayed  or  if  compression  wave  IV 
j is  eliminated. 

If  an  exhaust  tube  having  a diameter  equal  to  that  of  the  combus- 
tion tube  is  attached  behind  the  exhaust  valve,  then  expansion  wave  II 
reflects  from  the  exhaust- tube  exit  instead  of  from  the  combustion-tube 
exit  with  the  result  that  the  arrival  of  compression  wave  IV  at  the 
inlet  valve  is  delayed  (see  Figure  50).  Computations  for  case  1_  indi- 
cate that  an  appreciably  higher  average  scavenge  velocity  is  realized 
If  the  exhaust  tube  with  a length  equal  to  62  percent  of  the  length  of 
the  combustion  tube  is  used  than  if  no  exnaust  tube  is  used. 

It  should  bo  noted.  In  Figure  50,  that  expansion  wave  I is  di- 
vided into  two  parts  1(a)  and  1(b).  Expansion  wave  1(b)  is  formed 
by  the  reflection  of  tno  compression  wave  at  the  open  end  of  the 

j e.ichsuat  tube.  The  pressure  at  the  tail  of  expansion  1(b)  is  equal  to 

i 

j the  ambient  pressure.  Since  there  is  a time  interval  between  the 

i 

I 
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arrival  of  the  tall  of  expansion  wave  1(b)  and  the  front  of  expansion 
wave  1(b)  the  inlet,  valve  is  allowed  to  open  during  this  interval.  No 
j waves  are  formed  by  the  opening  action  of  the  front  valve  since  there 
| is  no  pressure  ratio  across  the  valve  as  it  opens.  The  length  of  the 

1 

exhaust  tube  is  adjusted  so  that  this  interval  of  time  is  equal  to  the 

time  required  for  the  inlet  valve  to  open. 

j 

Further  computations  indicate  that  the  average  scavenge  velocity 

\ i 

■is  of  ttv  same  order  of  magnitude  for  (a)  case  1^  (Figure  SO),  with 
exhaust-tube  length  equal  to  62  percent  of  the  combustion-tube  length, 

: and  (b)  case  2 (Figure  I4.9  ) , with  exhaust-tube  length  equal  to  zero. 

.5*2  Results  of  Preliminary  Analytical  Study  of  Combustion  In  a 
Closed  Cylinder 

Combustion  in  closed  cylinders  was  studied  analytically  for  the 
purpose  of  obtaining  basic  information  useful  in  analyses  of  jet- 
propulsion  devices  involving  constant-volume  burning  in  tubular  com- 
bustion chambers.  The  calculations  were  simplified  by  making  the 
! following  assumptions: 

1.  Prior  to  the  Instant  when  ignition  occurs,  the  gas  is  motion- 

i 

less  and  its  temperature  is  uniform. 

! 2.  At.  any  given  time,  the  pressure  within  the  combustion  chamber 

! 

is  uniform. 

3.  The  heat  capacity  and  molecular  weight,  of  the  gas  are  constant!, 
j 4.  The  rate  at  which  heat  is  transferred  by  conduction  is  negli- 

gible in  comparison  with  the  rate  at  which  heat  is  released 

j 

by  combustion. 

! S*  The-  '-c; ■•.cried  cas  ahead  of  the  flame  front  and  the  burned  -'-as  1 

1 

i 

I 

j 
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behind  the  flame  front  both  are  compressed  isentr opicaily, 
6.  The  effect  of  pressure  on  the  normal  burning  velocity  is 


negligible  in  comparison  with  the  effect  of  unburned-gas 
i temperature. 

] The  dependence  of  (a)  the  time  required  for  burning  and  (b)  the  temper™ 
i ature  distribution  within  the  burned  gas  upon  the  fluid  physical 
j properties,  fluid  initial  temperature.,  combustion-chamber  diameter, 

i 

combustion  pressure  ratio,  and  ignition-source  location  was  determined.! 

i 

Time  Required  for  Burning,  By  combining  an  expression 
which  states  that  the  energy  is  conserved  during  the  combustion  pro- 
cess with  the  equation  of  state  and  an  expression  which  states  that 
volume  is  constant  during  the  combustion  process  (remembering  es- 
pecially assumption  ) , one  can  obtain  a linear  relationship  between 
chamber  pressure  and  mass  frar  tion  of  burned  gas 

. / r /7  ( 'IT  - ‘ ) ('O 

/-> 

! 

I 

1 where  / " is  pressure,  /?  is  mass  fraction  of  burned  gas,  ?f  is  corn- 
! i 

j bustion  pressure  ratio  /-?  / /-<  , and  the  subscripts  2 and  e 

! refer  respectively  to  the  initial  state  and  the  end  state.  By  com- 

1 binlng  an  expression  which  states  that  mass  is  conserved  during  the 

i 

combustion  process  with  the  equation  of  state  and  an  expression  which 
, states  that  volume  is  constant  during  the  combustion  process  (re- 

I 

membering  especially  assumption  B),  one  can  obtain  a relationship 
! between  volume  fraction  of  burned  gas  and  mass  fraction  of  burned  gas 
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- / - . L:.” 

[ t /■  /?  ( it  -t  ;J 

(2) 

1 

Y _ / 

' where  ^ i3  volume  fraction  of  burned  gas,  <T  - — — — } and  iT  is 

spec! f ic -heat  ratio  (Of.  Ref.  1).  These  two  relations  will  be  used  in 

the  following  derivation  of  the  equation  for  the  minimum  time  required 

for  burning  completely  a combustible  gas  mixture  in  a closed  cylinder. 

A relationship  between  time,  normal  burning  velocity  (the  rate  at 

I which  the  flame  front  advances  relative  to  the  unburned  gas),  chamber 
: pressure,  volume  fraction  of  burned  pas,  and  mass  fraction  of  burned 
gas  may  be  derived  if  one  equates  cue  rate  ' production  of  burned  gas 
; to  the  rate  of  consumption  of  unturned  gas 

j 

i 

i - n J.  / y i,  / ^ ! s j 

£ 

i 

i _ 

j where  />7  is  mass,  £ is  time,  is  density,  £D  ( is  normal 

| burning  velocity,  2.  is  combustion-chamber  length,  <^£  i3  flame- 

! 

| front  diameter  (the  flame  front  is  assumed  to  be  cylindrical),  and 
the  subscripts  and  & refer  respectively  to  unburneo  <*as  and 

burned  gas.  'Density  is  related  to  the  chamber  pressure, 

i 

diameter  c/  is  related  to  the  volume  fraction  of  burned  gas,  and 
mass  is  related  to  the  mass  fi  action  of'  burned  gas.)  The 
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dependence  of  -g  in  Equation  (3)  upon  the  chamber  pressure  may  be 
converted  to  r dependence  upon  the  mars  fraction  of  burned  ?as  by 
us i ng  the  equation  of  state  and  substituting  then  from  Equation  (1) 
j (remember  especially  assumption  No.  5) 


s? 


f ' <T 

/ / /-/-?</  7 - ( )J 


(V 


| where  D is  tube  diameter.  Lengthy  mathematical  exercises  of  the 

i type  presented  on  page  1+  of  Reference  fe  are  not  necessary  for  the 

i 

derivation  of  this  equation. 

1 The  dependence  of  ^6/  O in  Equation  (4)  upon  the  volume  fraction 

I 

of  burned  gas  may  be  converted  to  a dependence  upon  the  mass  fraction 
of  burned  ga3  by  expressing  diameter  ^ / D in  terms  of  volume  fraction 
of  burned  gas  cj  and  substituting  then  rom  Equation  (2).  If  ig- 
nition occurs  at  the  combustion-chamber  wall,  then  / & (/-?)  * 5 

| 6 

j if  ignition  occurs  at  the  combustion-chamber  center  line,  then 


^ / O $■ 

The  dependence  of  Equation  (h  ) upon  the  normal  burning  velocity 
may  be  converted  to  a dependence  upon  the  mass  fraction  of  burned  gas 
by  relating  empirically  the  normal  burning  velocity  to  the  tempera- 
ture of  the  unburnad  gas  and  substituting  then  from  Equation  (1) 

( remembering  especial] y assumptions  5 and  6).  According  to  Dugger  and 
Simon  (Reference  /),  the  dependence  of  the  maximum  normal  burning 
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velocity  upon  the  temperature  of  the  unburned  gas  may  be  expressed  by 
an  equation  of  the  form 


a r- 


7L  \c 


where  / is  temperature  end  a , A , and  c are  constants  which 
depend  upon  the  physical  properties  and  initial  temperature  of  the 
combustible  mixture.  Combining  Equations  (1),  (4)»  and  (5),  re - 
arranging  the  resulting  differential  equation,  and  integrating  between 


the  limits  n . 


/ , one  obtains  an  integral  relation 


for  the  minimum  time  required  for  burning  completely  a combustible  gas 
in  a closed  cylinder 


£ A, 

0/2. 


/-  r 

a [/  + rt(Tf-{)J  »*-  h[j  + "(rr  •/  )J 


I )<r 


This  equation  is  the  first  relation  of  the  two  relations  which  are 

i 

I sought. 

^.2.2  Temoerature  Distribution  within  the  Burned  das.  The 

i 

j 

I temperature  of  the  burned  gas  is  connected  with  the  temperature  of 
! the  unburned  oas  by  the  relations  (recall  assumption  5) 


: where  the  value  of  /•  in  / ( y.  y ) denotes  the  particular  piece  of 

| gas  which  is  under  examination  ( y~  - o corresponds  to  gas  which  i3 

burned  first  and  y = t corresponds  to  gas  which  is  burned  last)  and 

• the  value  of  y denotes  the  stare  of  the  combustion  process  (if.  ifsf, 

'6).  This  equation  is  the  second  relation  of  the  two  relations  which 

! 

i are  sought . 

] leaping  in  mind  that  / ^ ( *,<•>}  does  not  v;.ry  with  ^ , one 

i can  determine  easily  from  Equation  (7)  that 
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i.e.,  that,  at-  the  instant  when  combustion  is  concluded,  the  tempera- 
ture of  the  first-burned  gas  exceeds  appreciably  that  of  the  last- 
burned  gas. 

5.2.3  Numerical  Results.  The  minimum  burning  time  for  an 

i 

] ethylene-air  mixture  burning  at  constant  volume  in  a tubular  combustion) 
chamber  was  computed  for  combustion  pressure  ratios  of  5 and  8 and  for 
(a)  ignition  at  the  combustion-chamber  wall  and  (b)  ignition  at  the 
combustion-chamber  center  line.  For  a mixture  of  ethylene  and  air 
; Initially  at  360°K,  Dugger  and  Simon  (Reference  7)  indicate  that  the 
! dependence  of  the  maximum  burning  velocity  upon  the  temperature  of  the 
! unburned  gas  may  be  expressed  by  an  equation  of  the  form 


ss 
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so  that  tne  minimum  time  required  for  burning  completely  (in  a closed 

j cylinder)  an  ethylene  air  mixture  initially  at  360°K  is  given  by  the 

! 

! integral  relation 
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Equation  (6a)  was  integrated  numerically  except  for  small  values  of 
U/ O ; for  small  values  of  u/ O , the  integrand  was  expanded  In  series 
form,  small  terms  were  neglected,  and  direct  integration  was  employed. 


The  results  of  these  calculations  are  presented  in  Table  3. 


Ignition 
at  Wall 

Ignition  at 
Center  Line 

ii 

0.39 

0.33 

if  =8 

0.29 

0.24 

Table  3.  Values  of  Minimum-Burning-Time  Parameter 
for  Ethylene-Air  Mixture  Burning  at 
Constant  Volume  in  a Tubular  Combustion 
Chamber,. 
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An  examination  of  Table  3 emphasizes  two  interesting  facta.  The 

most  important  fact  is  that  the  time  required  for  a flame  to  traverse 

a given  distance  is  aopreciably  less  if  burning  is  at  constant  volume 

than  if  burning  is  at  constant  pressure.  If  burning  is  at  constant 

£ Se  . 

pressure,  then  the  parameter  p~/~^ — equals  unity-  If  burning  is  at 

constant  volume,  then  this  parameter  is  less  than  unity;  (a)  the  normal 
flame  velocity  increases  when  the  unburned-gas  temperature  increases 
as  the  result  of  isentropic  compression,  and  (to ) tne  unburned  gas  is 
given  a velocity  in  the  direction  of  burning  83  the  result  of  unburned- 
gas  compression.  (It  follows  immediately  that  the  minimum  time  re- 
quired for  burning  decreases  as  the  combustion  pressure  ratio  increases. 
The  second  interesting  fact  is  that  the  minimum  time  required  for 
burning  is  less  if  ignition  is  at  the  combustion-tube  center  line  than 
if  ignition  is  at  the  combus ticn-tube  wall.  This  situation  exists 
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j because  tne  normal  burning  velocity  is  greatest  when  burning  is  nearly 

I 

j completed  (i.e.,  when  tne  unburned-gas  temperature  is  highest),  and 
because  the  flame  area  is  greatest  wnen  tne  flame  is  at  the  combustion- 
cnamber  wall. 

The  amount  by  which  the  temperature  of  the  first-burned  gas  ex- 
; ceeds  the  temperature  of  the  last-burned  gas  at  the  instant  when  com- 

i 

i bustion  is  concluded  was  calculated  using  Equation  (8)  for  a 3pecific- 

! 

| heat  ratio  of  I.I4.O  and  an  initial  temperature  of  650°R.  For  a com- 

i 

! bustion  pressure  ratio  of  5 this  temperature  difference  equals  1090°R, 
wnereas  for  a combustion  pressure  ratio  of  8 this  temperature  differ- 
' ence  equals  261|0°h.  This  calculation  indicates  that,  for  combustion 

1 

1 

in  a closed  cylinder,  structural  elements  which  are  located  near  the 
Ignition  source  will  attain  a higher  temperature  (and  will  possess 

I 

! consequently  a lower  tensile  strength)  than  similar  structural  elements 

I 

j which  are  located  far  from  the  ignition  source. 

The  reason  why  the  temperature  of  the  first-burned  gas  exceeds 
that  of  the  last-burned  gas  become  apparent  if  one  considers  the 

i 

j manner  in  which  the  temperature  rises  occur.  The  temperature  of  the 

l 

I first-burned  gas  rises  first  as  the  result  of  combustion  and  then  as 

! the  result  of  compression;  tho  temperature  of  the  last-burned  gas 

S 

rises  first  as  the  result  of  compression  and  then  a3  the  result  of 

i 

l combustion.  The  temperature  rise  due  to  combustion  is  the  same  for 
'both  cases;  the  temperature  rise  due  to  compression  is  greatest  when 
the  temperature  at  beginning  of  compression  is  greatest.  It  follows 
irrm.ed.i  otely  that  the  temperature  of  the  first-burned  gas  exceeds  that 

1 

! of  the  last-burned  gas. 


-87- 


\ AEROPH  / S!C3  DEVELOPMENT  CORPORATION  I2003-1-R5 

• • - • ' : ! HT-, 

_j ?AC!riC  PALISADES,  CALIFORNIA.  hot.  lM  1951 

5.2.I4.  Conclusions.  ‘The  preliminary  analytical  study  of  com- 
bustion in  a closed  cylinder  yielded  the  following  results: 

1.  The  minimum  time  required  for  burning  may  be  cal  .la ted  if 
the  combustion  pressure  ratio,  Lne  initial  fluid  temperature, 
the  cylinder  diameter,  and  the  ignition-source  location  are 
known . 

2.  The  time  required  for  a flame  to  traverse  a given  distance  is 
appreciably  less  if  burning  is  at  constant  volume  than  if 


burning  is  at  constant  pressure. 

3.  The  time  required  for  burning  is  less  if  Ignition  is  at  the 
combustion-tube  center  line  than  if  ignition  is  at  the  com- 
bustion-tube wall. 

U.  The  temperature  di  itribution  within  the  burned  gas  at  the 

instant  when  combustion  is  concluded  may  be  calculated  if  the 
combustion  pressure  ratio  and  the  initial  fluid  temperature 
are  known. 

5.  The  temperature  of  trie  first-burned  gas  exceeds  appreciably 
the  temperature  of  the  last-burned  gas  at  the  instant  when 
combustion  is  concluded. 

Since  it  is  useful  to  have  information  concerning  the  time  required 
for  burning  and  the  temperature  of  the  structural  components  of  the 
combustion  chamber  when  developing  a jet-propulsion  device,  the  re- 
sults of  this  preliminary  analytical  study  have  particular  usefulness 
in  the  present  Multi-Jot  development  program. 
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5 . 3 Result  .?  of  preliminary  Analytical  Study  of  Effects  of  Viscosity 
on  Certain  Non-Statlonary  Pipe  Flows. 

The  effects  of  viscosity  on  certain  non-stationary  pipe  flows  were 
studied  analytically  for  the  purpose  of  obtaining  basic  information 
; useful  in  analyses  of  jet-propulsion  devices  involving  non-stationary 
'fluid  flows  in  straight  tubes.  After  neglecting  derivatives  with 
'respect  to  distance  in  the  direction  of  the  duct  axis  in  comparison 
^with  derivatives  with  respect  to  distance  in  the  radial  direction 
! and/or  derivatives  with  respect  to  time,  and  after  assuming  that  the 
1 physical  properties  of  the  fluid  do  not  vary  either  with  distance  or 

i with  time,  the  following  items  were  determined: 

i 

1.  The  velocity  profile  in  the  neighborhood  of  an  Infinitely 

long  flat  plate  when  the  fluid  properties  and  the  free-stream 

i 

velocity  are  specified  (both  the  free-stream  and  the  local 
velocities  may  be  functions  of  time). 

I 2.  The  limits  within  which  the  results  of  studies  of  flow  along 

i 

an  infinitely  long  flat  plate  may  be  applied  to  flow  through 
an  infinitely  long  tube. 

The  effects  of  viscosity  on  the  mass -flow  rate  through  a 
tube . 

The  effects  of  viscosity  on  mass  flow  through  a tube  during 
a given  period. 

5.3,1  Velocity  Profile  for  Flow  along  a Flat  Plate.  Consider 
first  the  case  occurring  when  the  fluid  is  set  in  motion  Impulsively 
and  the  free-stream  velocity  is  held  constant  thereafter.  Contemplate 
an  infinitely  long  flat  plate  along  which  a fluid  is  flowing  subject 
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to: 


1.  The  general  restrictions  that  derivatives  in  the  direction  of j 
the  free-stream  flow  are  negligible  in  comparison  with  derive* 

i 

tives  with  respect  to  distance  in  the  direction  normal  to  the 
flat  plate  and/or  derivatives  with  respect  to  time  and  that  I 
the  physical  properties  of  the  fluid  do  not  vary  either  with 
distance  or  with  time. 


2.  The  boundary  conditions: 

u.(.  J £ ) o 
u<-  (.<*!  £)  • <L/g 

and 

3.  The  initial  conditions: 

^ < J y O ■ J ~ O 

t'i.  ( y o <■  ) c-/g 


C ? j 


ij 


7 v ^ 

/ 

'/  J 


where  u is  velocity  in  the  direction  of  the  free-stream  flow,  y 
is  distance  in  the  direction  normal  to  the  flat  plate,  and  t is  time. 
Fluid  flow  subject  to  these  restrictions  is  described  by  the  partial- 
differential  equation 


t 


V 


where  >’  = kinematic  viscosity.  For  values  of  t greater  than  zero, 

the  expression 
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where  $ = y/ VV h t , satisfies  partial-differential  Equation  (3), 

boundary  conditions  (1),  and  initial  conditions  (2).  Equation  (U)  de- 
scribes completely  th  velocity  profile  which  results  when  fluid  in  th« 
neighborhood  of  a flat  p^ate  is  set  in  motion  impulsively  at  t = o 


and  t ne  fr*»» 


eloclty  is  held  constant  thereafter, 


Consider  now  the  case  occurring  when  the  fluid  is  set  in  motion 
Impulsively  and  the  free-stream  velocity  is  caused  then  to  vary  arbi- 
trarily as  a function  of  time.  Contemplate  an  infinitely  long  flat 
plate  along  which  fluid  is  flowing  subject  to: 

1.  The  general  restrictions  and  initial  conditions  as  described 
previously,  and 

2.  The  boundarv  conditions 


ix.  i u t ) ~ -J> 


> o 


LX.  \ « £ ) 


As  in  the  previous  paragraph,  the  fluid  motion  is  described  by  the 


partial-differential  equation 
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j The  solution  tc  partial-differential  liquation  (3)  which  satisfies 
initial  conditions  (2)  and  boundary  conditions  (5)  is  obtained  by  the 
superposition  of  an  infinite  number  of  terms  of  the  type  given  in 
Equation  ();}  and  may  be  written  in  the  form 


c< 


. y , Z J --  & r f Jf  +■  f 


at  IS 

s*  r 


f-JL.  — 

I (fr->\t-n 


«s 


Equation  (6)  describes  completely  the  velocity  profile  which  results 
when  fluid  in  the  neighborhood  of  a flat  plate  is  set  in  motion 
impulsively  at  C = o ana  the  freo-stream  velocity  is  caused  then 
to  vary  arbitrarily  as  a function  of  time. 

Consider  finally  the  special  case  occurring  when  tho  fluid  is  set 
in  motion  impulsively  and  the  free-stream  velocity  is  caused  then  to 
vary  linearly  with  time.  This  case  is  a special  case  of  the  problem 
treated  in  tne  previous  oaragraph  which  occurs  when  the  free-stream 
velo. ity  is  caused  to  vary  linearly  with  time,  J .e.,  wnen 


SV  (tJ  - 


-C  /-  S9  £ 


Substituting  into  Equation  (6)  and  integrating  (by  parts,  when  neces- 
sary), one  obtains 


L_ 
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| Equation  (8)  describes  completely  the  velocity  profile  which  results 

i 

in  the  special  case  occurring  when  the  fluid  in  the  neighborhood  of 
, a flat  plate  is  set  in  motion  lrnplusivsly  at  t - o and  the  free- 
| stream  velocity  is  caused  then  to  vary  linearly  with  time* 

i 

Curves  of  dimensionless  velocity  ^ / cJ0  are  presented  in 
Figure  51  for  several  values  of  dimensionless  time  *- / . As 
. i/ d/„  approaches  -1  (i.e,,  as  the  free~stream  velocity  approaches 
i 0),  reverse  flow  occurs;  when  - ■ / , the  minimum  value  of 

' 1*.  / £/„  is  equal  to  -C.202  and  is  attained  at  JT  = O.I4.O7. 

| 

5*3*2  Applicability  of  Results  of  Studies  of  Flow  Along  a Flat 

i 

| Plate  to  Flow  Through  a Tube.  Since  boundary-layer  growth  along  a 

I 

I 

! flat  olate  may  be  described  with  simpler  mathematics  than  boundary- 

| 

j layer  growth  along  a tube  surface,  it  is  desirable  to  use,  whenever 
; 

i feasible,  the  result  of  studies  of  flow  along  a flat  plate  to  describe 
| flow  through  a tube.  This  use  of  l .e  results  of  studies  of  flow  along 

I a flat  olate  gives  valid  results  orovided  that  the  boundary-layer 

1 

thickness  for  the  flow  along  trie  flat  plate  is  small  compared  with  the 
tube  radius.  For  the  case  where  the  velocity  profile  is  described  by 
the  expression 

ft.  _ C r ( 

I 

L 

-93- 


* H -•  AEROPHYSICS  DEVELOPMENT  CORPORATION 

^003  - &S 

i 

PACIFIC  PALISADES,  CALIFORNIA 

ocr  /,  '934 

Figure  5J 

< ■ 

1 Dimensionless  Plot  of  Fluid  Velocity  /4>s  a Function 

of  Distance  from  Flat  Plate  for.  Several  Values  of  Time 

i 

! Fluid  is  set  in  motion  impulsively 

AND  FREE  STREAM  VELOCITY  /S  CAUSED 

THEN  TO  VARY  LINEARLY  WITH  TIME. 

I 
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the  ratio  c*.  / cSa  equals  0.995  when  f = 2.  Therefore,  the  boundary 


layer  thickness  Is  ej ven  approximately  in  this  case  by 


t = 2. 


For  the  case  where  the  velocity  profile  is  described  by  the  expx-ession 


— s / / f ) «?  r 


f Jr  + — 

£/  \ sfn 


2. 

% Je  r - *fe'fc  f) 


I an  inspection  of  Figure  1 reveals  that  here  also  the  boundary-layer 

j thickness  is  given  approximately  by  j°  = 2.  Hence,  if  2~  = /?/ <t r->  t 

i 

j (where  R is  the  tube  radius)  is  much  larger  than  2,  then  (at  least  for 

j 

^ the  two  cases  mentioned  above) the  results  of  the  studies  of  flow  along 
a flat  plate  may  be  used  to  describe  flow  through  a tube  of  radius  f<L  . 
Note  that  R = 0.50  inch  end  t - 0.001  second  correspond  to 
| 2 = Ilf  if  h = 2.32  x 10“3  ft2/sec  (ai:  at  2500°R ) and  to  2 = ft  4- 
j if  H = 0.21  x 10'3  ft2/s«c  (air  at  600°R).  These  values  of  g-  are 


typical  values  for  a Multi-Jet  engine. 


.3.3  Mass-Flow  Rate  Through  a Tune.  For  flow  of  a fluid  stream 


with  depth  Y = zf  along  a flat  plate,  the  mass-flow  rote 


be  determined  readily  in  dimensionless  form  from 
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where  w ' is  the  mass-  low  rate  which  could  be  obtained  if  the 
viscosity  were  zero.  For  the  case  occurring  when  the  fluid  in  the 

t 

| neighborhood  of  the  flat  plate  is  set  in  motion  impulsively  at 

| 

i tz  =:  a and  the  free-atream  velocity  is  caused  then  to  vary  linearly 

t 

' with  time 


f r _ p ^ T 

tL  ;J  i(Cf ,+rti)  erf  f f)j  cTlJ 
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/ya  r /?  £ J ■£ 


- £ 


‘ f*r  r \ *■  /?  it  LJ  ^ / 5 


t z — 


- 2 
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0<J 


J \fn  J 

If  ^ is  large  in  comparison  with  unity,  then  Equation  (11 ) may  be 
approximated  by  the  simple  expression 


*r1 

IM  ' 


' ^ ( 


/ - 


J 


a Q +■  * * / 


("V 


For  approximately  two-dimensional  flow  adjacent  to  an  arbitrary 

rn  ‘ - m 


bounding  surface,  the  quantity 


m' 


is  directly  proportional  to 


the  perioheral  length  L of  the  bounding  surface  and  inversely  pro- 
portional to  the  cross-sectional  area  of  the  fluid  stream.  There- 

fore, since  the  ratio  L / V equals  /y  for  flow  of  a fluid  stream 
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with  depth  Y a Ion/.'  a flat  plate  and  equals  //«?  for  flow  through 
a tube  having  a radius  & , Equation  0-1*)  reads  for  flow  through  a 

tube  of  radius  A? 


rr 7 

r> 7' 


/ - 


Z-  **  t 

Vrr  £ 


/ - i ^ 


0*-j 


The  special  case  which  is  obtained  when  /f  =*  ^ is  the  case 

j which  occurs  when  the  fluid  is  set  in  motion  impulsively  at  £ » o 

I and  the  center-line  velocity  is  held  constant  thereafter. 

i 

5*3*4  Maas  Flow  Through  a Tube  During  a Given  Period.  The  mass 
flow  through  a tube  during  a given  period  may  be  determined  readily  in 


(*SJ 


dimensionless  form  from 

a JL 

f 

For  the  case  occurring  when  the  fluid  is  set  in  motion  impulsively  at 

and  the  center-line  velocity  is  caused  then  to  vary  linearly] 

with  time 
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As  in  Part  the  special  case  which  is  obtained  When  = o 

is  the  case  which  occurs  when  the  fluid  is  set  in  motion  impulsively 
at  s * o and  the  center-line  velocity  is  held  constant  thereafter. 

Keep  in  mind  the  fact  that  Equation  (lij.)  is  valid  only  for  large 
values  of  the  parameter  /?./  \ £ . 

5.3«5  Numerical  Results.  To  indicate  quantitatively  the  effects 

j 

of  viscosity  on  the  several  non-stationary  pipe  flows  which  were 
studied,  typical  numerical  results  are  presented  here.  If  fluid  is 

| 

\ set  in  motion  impulsively  at  £ = <=>  and  the  center-line  velocity  is 

i 

; caused  then  to  vary  linearly  with  time,  then  for  * 11+ 
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As  in  Parts  5*3«3  and  5«3«U»  the  special  case  which  is  obtained  when 
S)  - a is  the  case  which  occurs  when  the  fluid  is  set  in  motion 
Impulsively  at  £■  = o and  the  center-line  velocity  is  held  constant 
thereafter . 

5.3.6  Conclusions.  The  preliminary  analytical  study  of  effects 
of  viscosity  on  certain  non-stationary  pipe  flows  Indicated  that 

1.  The  results  of  studies  of  flow  along  a flat  plate  may  be 

. used  to  describe  flow  through  a tube  of  radius  R provided 
that  fZ/s/t' t I; . 

2.  If  the  fluid  within  a tube  is  set  in  motion  impulsively  at 

~C  - <j  and  the  center-line  velocity  is  caused  thereafter 
to  vary  linearly  with  time,  then  the  decrease  in  mass-flow 
rate  through  the  tube  due  to  viscous  effects  is  proportional 
inversely  to  fZ / / t provided  that  9 . 

It  is  concluded  therefore  that  a large  value  of  /Z  / y R t Is  es- 
sential for  tiie  attainment  of  a large  mass-flow  rate  through  a jet- 
propulsion  device  involving  non-stat j onary  fluid  flows  in  straight 
tube3,  i.e„,  that  a larre  tube  diameter  and  a high  cycle  frequency  is 
essential  for  the  attainment  of  a large  mass-flow  rate  thorough  a 
Multi-Jet  engine. 
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A • 1 Measuring  Combustion  Chamber  Pressures- 

j The  following  equipment  is  used  to  measure  combustion  chamber 

I 

pressures : 

1.  Pressure  Pickup,  capacitive  type,  lLpnm  diaphragm  diameter, 
0-1^0  psi  range.  Model  No,  303*^ 

2.  Indicator,  nDYNA0AGKB , DG-101.*1* 

1 This  indicator,  when  properly  calibrated,  is  sufficient  for 

showing  steady-state  pressures, 

3.  Auxiliary  Indicator,  DuMont  250AH  Oscilloscope. 

tfith  this  auxiliary  indicator,  the  transients  and  frequency 
components  up  to  about  10  kc  may  be  graphically  presented  for 
display.  If  the  pressure  cycle  being  examined  Is  of  suffic- 
ient amplitude  and  is  sufficiently  constant  as  to  its  recur- 
rent frequency,  no  further  equipment  Is  necessary  in  order  to 
obtain  pressure-time  histories.  Such,  however,  Is  not  the 

j 

case  in  the  Multi- Jet  pressure  cycles  examined,  especially 
during  the  engine  warm-up  phase.  Additional  equipment  is  re- 
quired, therefore,  in  order  to  synchronize  the  sweep  of  the 

auxiliary  indicator  with  the  rotation  of  the  engine  shaft 
! J 

and  to  mark  on  the  pressure-time  histories  the  valve  opening 

and  closing  times.  This  synchroni zing  and  marking  equipment, 

together  with  other  related  timing  equipment,  is  described  In 

J Section  A, 2 of  this  appendix. 

I 

| (1)  Tfl£ST5  instruments  are  manufactured  by  Photocon  Research  Products, 
[*21  N.  Foothill  Blvd.,  Pasadena  8,  California 
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The  following  auxiliary  equipment  is  also  required:  j 

1.  With  the  Pickup: 

a.  Connecting  cable  to  the  Dynagage  Indicator^  ^ 

b.  Visual  indicator  for  cooling  water  flow-rate 

c.  Thermocouple  for  monitoring  the  outflow  water  temperaturel, 
or  the  temperature  rise  of  the  coolant  water. 

d.  Thermocouple  for  monitoring  the  body  temperature  of  the 
pickup, 

2.  With  the  Dynagage: 

a.  Associated  power  supply--Photocon  Research  Products  | 

Power  Supply  PS-102  *1/  j 


b.  Auxiliary  indicator  for  display  of  cyclic  pressure  volt- 
ages. ; 

3.  Connections  required  for  the  equipment  are  shown  in  Figure 


o 
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Firure  52  • Cable  Interconnections  Required  for  Display  of  Pressure 
Voltages. 

The  output  of  the  Dynagage  is  a medium-impedance  negative-going 
voltage  substantially  unaffected  by  external  loading,  provided  that 
the  external  load  is  held  to  not  less  than  25,000  dims  Impedance. 


(1)  These  Instruments  are  manufactured  by  Photocon  Research  Products, 
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Since  two  loads  having  respective  values  of  2 megohms  (DuMont 
2p0  Ail ) and  1 megohm  (Bendix  TOE-1?)  are  normally  used  in  parallel 
with  the  output,  their  effective  combined  impedance  of  660,000  ohms 
is  appreciably  larger  than  the  25,000  minimum. 

In  the  early  stages  of  the  investigations,  both  recurrent  and 
driven  sweep  were  used  for  the  time  base.  However,  when  an  external 
synchronization  signal  is  available,  it  gives  a more  satisfactory  and 
stable  cycle  presentation.  Consequently,  the  timing  equipment  des- 
cribed in  Section  A. 2 of  this  appendix  was  used  for  almost  all  of  the 
pressure  vs  time  presentations.  Also  included  in  the  timing  equip- 
ment are  markers  which  can  be  used  to  vary  the  trace  brilliance  in 
order  to  show  the  valve  change  times  or  to  measure  the  duration  or 
separation  of  phenomena  which  may  be  observed  on  the  trace, 

A . 2 Determining  Angular  Speed  and  Angular  Position  of  Valve  Plates. 

Since  obtaining  pressure  time  histories  and  studying  valve  phas- 
ings constituted  a major  part  of  the  investigation,  the  choice  of  the 
timing  system  was  an  important  one.  Timing  signals  were  needed  (1) 
for  synchronizing  oscilloscope  horizontal  sweep  with  the  valve  shaft 
nutation,  (2)  for  marking  valve  openings  and  closings  on  the  Oscillo- 
scope trace,  and  (3)  for  photographic  exposure  control  in  the  record- 
ing of  valve  data  together  with  the  pressure  time  histories. 

A. 2.1  Pulse  Generating  System  for  Valve  Timing  and  Oscilloscope 
Synchronization  Marks,  A block  diagram  of  the  synchronization  gener- 
ating system  is  shown  in  Figure  53*  This  system  consists  of  the  fol- 
lowing items:  two  magnet' c impulse  pickups;  a preamplifier;  cable 

leads;  a sync-separ at. or  which  separates  positive  from  negative  im- 
pulses (see  Figure  {dj  and  then  inverts  the  negative  ores;  and  a 
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distribution  amplifier  which  provides  multiple  outputs  of  either  polart 
ity  and  of  power  sufficient  for  driving  two  or  three  high  impedance 
inputs  from  the  same  source.  The  block  diagram  also  shows  the  major 
units  that  receive  pulses  from  the  distribution  amplifier. 

During  the  preliminary  design  phase  of  Test  Engine  No.  2„  it  ap- 

I 

peared  that  it  would  not  be  possible  to  obtain  direct  connection  of 

( 

instrumentation  equipment  to  the  main  shaft.  This  ruled  out  the  use  i 

of  synchros  and  tachometer  generators  unless  chain -and-sprocket.  or 

gearing  devices  wore  employed  to  obtain  drive.  ^ince  it  was  not  de-  ! 

sirable  that  either  of  these  methods  be  used*  a variable  reluctance 

type  magnetic  impulse  generator  was  chosen  to  jetec1-  engine  cycle  j 

phase  transition  times.  Two  electro  Products  Laboratories.  Inc.  | 

Model  3010  pickups  are  used  --  one  for  the  inlet  valve,  one  for  the  j 

1 

exhaust  valve.  because  of  the  valve  housing  cooling  system  configure- I 

I 

tion,  these  pickups  were  placed  in  the  valve  housing  diametrically  ! 
opposite  the  combustion  tube  opening.  The  nickups  have  a positive 
output  when  magnetic  circuit  reluctance  decreases  and  a negative  out.-  j 
put  when  this  reluctance  increases.  'Tue  Electro  Products  pickups  have 
an  output  impedance  of  about  500  ohms,  ""he  wave-form  produced  is 
estimated  to  have  a rich  harmonic  content,  extending  from  about  2l|0 

i 

eps  to  about  Ub  kepa  (for  3600  sha’t  rpm) , Durinp  the  preliminary 
design  phaa  ■ it.  was  estimated  that  cable  In  excess  of  100  feet  might  j 
be  required  between  tne  test  engine  and  the  control  station,  thus 
making  it.  desirable  that  the  source  impedance  be  transformed  to  a lower 
value  fur  transmission  through  a coaxial  cable, 

Vhen  this  system  was  given  an  initial  tryout,  trouble  was  encoun- 
tered from  one  source  that  had  been  overlooked.  The  initial  choice  of  , 
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pickup  radial  distance  from  the  shaft  center  was  unfortunate,  however,  j 
in  that  it  was  also  the  radial  distance  for  the  rivets  holding  the  hol-j 
low  half  sections  of  the  valves  together.  As  a result  the  output  sig- 
nal from  the  magnetic  impulse  pickups  was  not  as  3hown  in  Figure  54  (a) 
but  instead  appeared  a3  shown  in  Figure  54  (b).  The  rivets, because  of 
their  different  magnetic  permeability,  contributed  the  three  extra  im- 
pulses following  each  positive  impulse. 

The  presence  of  this"rivet  noise”  in  the  system  would  not  in  it- 
self constitute  a serious  problem,  A suitable  circuit  would  use  biased] 

tubes  that  would  not  be  affected  until  valve  signals  of  larger  ampli- 

» 

tude  than  the  rivet  signals  appeared.  Actually,  however,  the  pulses 
were  amplitude  modulated  by  a one-cycle  (per  shaft  revolution)  sine 


; wave.  The  output  instead  of  producing  a signal  as  shown  in  Figure  54(b)1 

a signal  as  shown  in  Figure  54  (c)  was  produced.  Note  that  airmlitude 

j j 

j selection  can  no  longer  be  used,  since  the  one-cycle  valve  fundamental  ! 

• i 

increases  the  "rivet  noise”  during  one  part  of  the  cycle  to  a value  ! 

j | 

I greater  than  that  of  the  valve  signal  impulse  during  another  part  of 

! i 

the  cycle.  The  change  in  amplitude  during  a cycle  was  due  to  valve  1 

'plate  wobble.  (This  valve  plate  wobble  was  later  reduced  as  explained  j 


i in  Section  II.)  The  alternatives  were:  (1)  to  modulate  the  biasing 

! i 

voltage  with  the  same  valve  wobble  signal,  or  (2)  to  relocate  the  pick- 
ups radially  so  as  not  to  pick  up  rivet  noise.  The  latter  step  was  | 

j 

| chosen  since  it  was  the  quickest  and  least  expensive.  i 

The  circuit  for  the  preamplifier,  sync-separator,  and  distribution 

i amplifier  Is  shown  in  Figure  55»  The  impulses  from  the  magnetic  pick-  ! 

| 

| ups  are  fed  to  a limiting  amplifier  stase  in  order  to  minimize  the  ef- 
I ~ I 

[feet  of  rpm  changes  on  the  impulse  amplitude  (since  the  output  voltage 
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is  a linear  function  of  the  valve  face  speed  past  the  pickup).  The 
limited  pulses  are  then  fed  through  cathode-follower  impedance-match- 
ing amplifiers  to  the  synchronizing-pulse-separator  circuits  at  the 

I 

master  control  station.  j 

i 

For  the  12AX7  limiting  preamplifiers,  the  dc  grid  return  is 
through  the  pickup  winding.  These  preamplifiers  are  cathode  biased  at 
approximately  1.75  volts  by  a 1000  ohm  resistor  shunted  by  a 50  mfd 
3-volt  electrolytic  capacitor,  The  load  resistors  on  the  limiters  are 
100,000  ohms  each  and  are  returned  to  +300  volts.  Thus,  a 3*5  volt 
peak-to-peak  signal  input  gives  maximum  output,  and  no  further  in- 

i 

crease  in  the  output  amplitude  can  b©  realized.  | 

i 

i 

Capacitance  coupling  to  the  next  stape  is  accomplished  through  j 

i 

i 

1000  mmf  capacitors  to  the  grids  of  the  12AU7  cathode  follower  triodesi 
^Tie  grid  resistors,  1 megohm  each,  were  returned  not  to  ground  but  to 
+89  volts  (anoue  of  the  5651  voltage  reference  tube)  in  order  to  hold 
the  cathodes  at  approximately  +100  volts  and  thereby  permit  peak-to-  j 
peak  amplitudes  of  nearly  200  volts  unloaded.  because  a 12AU7  cathode' 

i 

voltage  of  +200  would  exceed  the  ca thcde-to-f ilament  tube  rating,  the 
preamplifier  filaments  are  operated  at  +150  volts  with  respect  to  , 

ground.  (Actually,  any  voltage  from  +20  to  +180  would  have  been  suit- J 

[ 

able  from  a design  standpoint.)  The  cathode  resistors  are  30,000  ohms « 
The  power  consumption  for  the  preamplifier  alone  is  300  volts  at  11.3 
dc-mn  and  6.3  volts  at  600  acma. 

Coaxial  lines  transmit  the  signals  from  the  preamplifier  to  the  j 
sync  separator  circuits.  Even  though  the  coaxial  lines  are  not 
properly  terminated,  no  indications  of  ringing  due  to  reflections  with-* 
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in  the  cable  were  observed.  The  sync-separator  separates  the  impulses' 

i ' 

! I 

i panerated  by  the  valve  openings  from  those  generated  by  the  valve 

i 

closings.  In  this  circuit,  the  two  input  stapes  are  connected  as 
; > 

phase  splitters.  Output  sicnals  are  taken  from  both  plates  and  from 

i 

both  cathodes  of  the  12AU7  input  tube.  The  actual  separation  of  the  j 

, sync  pulses  is  accomplished  by  the  following  two  12AU7  tubes.  The 
grids  are  fixed  at  a bias  well  beyond  cutoff  so  that  the  triode  sec- 
i tlona  are  non-conducting  until  a pulse  equalling  or  exceeding  this 
degree  of  "beyond  cutoff”  bias  appears.  The  original  amount  of  bias 
had  to  be  modified  slirhtly  because  of  the  amplitude  difficulties  that; 

! resulted  from  valve  plate  wobble.  This  was  accomplished  by  x’evlsing 

i : 

the  component  values  of  the  voltage  divider  in  the  -90  volt  circuit,  j 

This  pair  of  12AU7's  separated  the  sync  pulses  so  that  each  type  ap-  ! 

. i 

peered  on  a separate  terminal,  j 

i ! 

Pecause  of  uncertainty  at  this  point  as  to  the  driving  needs  of 

the  succeeding  circuits,  it  was  considered  expedient  to  Include  a j 

phase  splitter  in  ■ ac h syuc  channel,  providing  both  positive-going 

j 

high-impedance  and  negative-going  low-impedance  outputs  for  each  sync 
impulse.  Pi  vs  12AU7  medium  mu  dual  triodes  are  used  in  the  combined 
sync-separator  and  distribution  amplifier « "he  power  requirement  is 
1 300  volts  at  7 dcma,  -90  volts  at  1 dcma,  and  6,3  volts  at  1,3  aca. 

! A. 2. 2 Tachometer.  In  or  ;er  to  locate  a suitable  tachometer  cir- 
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by  employing  one  of  the  available  pulses  to  trigger  a flip-flop.  This 

i 

flip-flop  controls  the  next  stage,  the  cathode  follower,  with  an  ab- 
solute  minimum  of  loading.  (Had  it  beon  possible  to  operate  from  the 
flip-flop  directly  and  to  obtain  the  exact  electrical  size  of  compo- 
nents needed,  the  cathode  follower  might  have  been  eliminated.)  The  j 
purpose  of  this  follower  is  two-fold.  The  potentiometer  used  as  a 
cathode  resistor  serves  as  a very  convenient  means  for  initially  ad- 
justing or  calibrating  the  circuit  as  well  as  for  touching  it  up  when- 
ever it  becomes  necessary  to  change  tubes  or  other  circuit  components 
that  might  affect  the  output.  'rVie  tachometer  block  diagram  is  pre- 
sented in  Figure  56.  At  the  output  of  the  cathode  follower,  the 
square  wave  of  proper  ampli rude  is  used  alternately  to  charge  and  dis- 

i 

charge  a capacitor  through  two  1N3U  diodes  and  thsir  associated  ! 

charge  and  discharge  paths.  r?he  quantity  of  electricity  (Q)  stored  in 

i 

a capacitor  is  equal  to  the  product  of  the  capacitance  times  the 
electromotive  force.  Thus,  if  the  capacitor  can  be  made  to  charge  to 

i 

an  arbitrarily  fixed  amplitude  and  then  to  discharge  through  a meter, 
we  have  a rudimentary  counting  system.  An  ampere  is  defined  as  the 
current  resulting  from  uniform  charge  flow  past  a point  such  that  one  1 
coulomb  per  second  passes  the  point.  It  follows,  then,  that  if  the 
charge  through  the  meter  per  shaft  revolution  cun  be  held  constant,  i 
the  charge  per  unit  time  flow  of  current  through  the  mater  is  directly 
proportional  to  the  number  of  revolutions  of  the  shaft  per  unit  time. 

In  order  to  obtain  a high  order  of  accuracy,  it  is  necessary  that  (1) 
the  amplitude  of  the  drive  (in  this  case,  the  flip-flop)  be  held  con- 

j 

st.ant  and  (2)  that  the  charging-  arid  discharging  time  constants  (R  x C) 
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Figure  56.  Tachometer,  Block  Diagram 
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of  the  charging  and  discharging  paths  be  not  more  than  10  percent  of  j 
i 1 

the  smallest  time  available  for  charging  and  discharging  uin  this  case 

i ! 

the  period  of  the  highest  number  of  revolutions  per  SECOND  to  bo  j 

I 

accurately  measured).  It  ia  further  necessary  in  order  to  protect  the 
I ' ; 

crystals,  that  the  applied  pulse  amplitude  be  equal  to  or,  preferably, 

less  than  their  maximum  working  back  voltage  and  that  the  peak  charge 

l ing  and  discharging  current  be  held  below  the  crystal  diode  current 

i ” 

■ rating.  If  such  precautions  are  observed,  this  system  will  show  a 

i 

curront-to-rpm  relationship  that  is  constant  to  within  0.1  percent. 

: I 

! In  order  to  take  full  advantage  of  such  a linear  system,  however,  a 

i meter  having  non-linearities  of  2 percent  or  5 percent  of  full  scale 

could  not  bo  used.  Consequently,  a 0 - 50  microamp  meter  represented  j 
< | 

as  accural e to  l/2  percent  was  used  as  the  indicator.  An  overlay  facej 

showing  "RPM  x 10^"  was  prepared  for  this  meter. 

i 

The  tachometer  circuit  is  illustrated  in  Figure  57.  The  design  j 

I data  for  the  flip-flop  included  in  this  circuit  was  obtained  from  a , 

i I 

1 

! recent  publication  (see  Reference  8).  The  design  has  been  modified 

! i 

j slightly  to  conform  to  available  power  supply  voltages  and  trigger 

i 

| inputs.  Also,  a switch,  a 760  olun  resistor,  and  a 1520  ohm  real:  tor 

i 

were  included  so  that  the  tachometer  range  could  be  extended  by  a 

' i 

factor  of  two  if  it  became  desirable  to  operate  above  5,000  rpm.  The 
! 91  ohm  resistor  is  normally  a 5 percent  tolerance  value,  and  so  it  is 

i 

! u3Qd  in  conjunction  with  a 20  ohm  rheostat  or  potentiometer  in  order 

l 

<o  bring  the  resistance  to  100  ohms  so  that  the  IR  drop  may  then  be 

| 

1.00  millivolt  per  1000  rpm.  The  IR  drop  thus  obtained  is  fed  to  the 
! Brown  recorder  to  be  permanently  recorded.  The  choke  in  series  with 

| 

______ 
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| tne  mater  movement  and  the  capacitor  across  the  meter  movement  may  be 

; i 

| omitted  if  the  counting  rate  is  too  high  for  the  meter  movement  to 

j 1 

! follow.  However,  if  smooth  meter  action  is  desired  down  to  600  or 

! „ ' 

| 600  rpm,  some  such  smoothing  device  is  required. 

i 

A. 2. 3 Oscilloscope  Sync  Control.  It  has  been  previously  stated  i 
that  the  pressure  cycle  was  not  sufficiently  steady,  especially  during 

I 

1 the  warm-uo  period,  to  provide  a steady  trace  when  the  pressure  build- 

I 

l up  voltare  was  used  to  synchronize  or  to  tripper  the  sweep.  Conse-  I 

j 

quently,  best  results  were  obtained  by  using  "driven"  rather  than 

, "recurrent"  sweep.  The  purpose  of  the  oscilloscope  sync  control 

! device,  then,  is  to  permit  the  selection  and  control  of  the  sync  pulseq 
! | 

' which  are  to  be  applied  to  the  "external  sync"  input  in  order  to  per-  ' 

! 

| form  this  sweep  triggering  service  on  the  oscilloscope. 

Reference  to  the  block  diagram  for  this  circuit.  Figure  58  shows  i 

' i 

l 1 

l that  the  purpose  of  this  device  is  twofold, 

' | 

(1)  S— 1 switch  permits  the  selection  of  any  one  of  the  four 

j valve  timing  signals  to  trigger  the  driven  sweep.  When 

i j 

switch  S-2  is  in  its  normal  position  (as  shown),  the  sweep 

, triggering  pulses  selected  by  S-l  go  straight  through  and 

i 

repeatedly  trigger  the  oscilloscope  sweep.  I 

i 

(2)  External  control  of  the  sync  pulses  selected  by  S-l  is  pro-  | 

I 

vided  from  the  camera  shutter  release  when  it  is  desired  , 

that  photographic  records  be  taken  of  the  pressure  histories 

! j 

. being  obtained.  S-2  tnen  diverts  the  selected  sync  pulses 

i 

to  a "gate"  which  is  normally  "closed"  so  that  these  pulses 

i ‘ i 

cannot;  trigger  sweeps  of  the  oscilloscope.  When  3-3  is 
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actuated,  it  trippers  a phantastrcn  time-delay  pener-ator 

which  provides  a pulse  of  very  precise  duration.  ^his  pulse j 

! 

| causes  the  pate  to  ’’open",  and  its  cessation  causes  the  pate 

to  close  apain.  In  this  manner,  from  the  time  that  S-2  is  i 
first  operated,  no  sync  pulses  are  allowed  to  tripper  sweeps ' 
of  the  oscilloscope  until  3-3  also  is  operated.  When  this  i 

i 

» 

occurs,  oscilloscope  sweeps  are  tripgered  by  those  pulses 
which  appear  before  the  pate  is  again  closed  after  the  "ex- 
posure time"  is  up. 

It  was  considered  desirable  that  composite  or  multiple  photopraph  ex- 
posures be  obtained  of  the  engine  cycle  range,  from  one  cycle  only  to 
' perhaps  ten  or  more  complete  engine  cycles.  While  camera  shutter 
speeds  in  steps  covering,  a part  of  this  range  were  available,  it 
should  be  noted  that  there  are  two  attendant  difficulties  in  the  un~ 

■ controlled  snapshooting  of  rapidly  recurring  phenomena: 

(1)  Tnero  is  a probability  that  the  shutter  will  not  open  until  s 

after  the  sweep  has  stai  ted  and  has  traveled  a portion  of 
its  normal  path,  resulting  in  the  loss  of  part  of  the  cycle 
to  be  recorded.  In  order  to  overcome  this  difficulty,  the 
duration  of  shutter  opening  can  be  increased  --  which  leads  j 
to  the  second  difficulty:  j 

j 

(2)  There  is  a probability  that  at  least  a portion  of  a second 
cycle  of  the  sweep  being  presented  will  occur  while  the 
shutter  remains  open.  If  a steady  3tate  phenomenon  is  being 
displayed,  the  portion  that  is  double -exposed  will  merely 
burn  in  a little  heavier.  However,  if  there  are  random 
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variations  to  the  signal  being  displayed,  then  a portion  of 
the  trace  will  be  double  and  very  probably  ambiguous. 

J 

Both  of  the  above  conditions  assume  a perfect-  shutter.  A shutter 
i requiring  milliseconds  to  open  and  close  makes  the  problem  all  the 
more  serious.  The  need  for  the  second  function  of  the  sync  control  i 
circuit  --  that  of  providing  a means  for  feeding  the  sync  pulses  to  a i 
gate  which,  when  closed,  will  prevent  triggering  of  oscilloscope 
sweeps  by  the  pulses  becomes  obvious, 

The  gate  noted  above  can  be  set  to  open,  remain  open,  and  then 
close  at,  any  desired  times.  In  figure  59,  the  6AS6  VI  ia  normally 
held  closed  by  tne  plate  of  V2A  (the  12AU7  triocie  section  connected  to. 

, Vi’s  '"•rid  No.  1),  Consequently,  sync  pulses  applied  to  the  suppressor! 
grid  do  not  normally  get  through  r.c  the  rate  output.  However,  the 

’•  i 

I gate  can  bo  opened  by  removing  the  bias  on  Vi's  Grid  No.  1,  This  bias 
can  be  removed  by  making  the  V2A  nonconducting,  which  effectively 

; i 

: returns  the  VI  control  rrld  to  cround  (zero  bias)  for  the  duration  of 

! V2A’s  nonconducting  state.  Control  of  V2A  Is  In  turn  obtained  from  : 

1 

‘ - | 

its  grid,  which  is  normally  negative  with  respect  to  ground  by  reason  j 

of  grid  current  flow.  Even  though  the  V2A  control  grid  is  normally  j 

1 below  ground,  the  triode  section  is  conducting  heavily  because  it  has 

i ! 

i a Blight  positive  bias.  Signal  drive  for  the  V2A  grid  is  obtained 

I i 

through  s blocking  capacitor  from  the  cathode  of  VI4.A,  which  is  an  out- 

i put  terminal  for  the  phan fas  Iron  (see  References  9 and  10)  consisting 
of  V j,  v!+,  and  associated  circuits.  when  trigi  ered,  the  phant.astron 
output  appearing  at.  the  VI4A  cathode  is  a na/  ative-going  sawtooth  or 
sloping  wove  of  sufficient  amplitude  to  cut  off  VlgA.  This  opens  gate 

* -11 


±Qs.U  1,  19 hk 


‘a.yrr-.rw.v  *>■* 


Hb- 


i*M  :•  . « t TOW  >V~ 

A T AEROPHYSICS  DEVELOPMENT  CORPORATION  2003-1-R5 


-M(V*'  »Y 


s M L 


PACIFIC  PALISADES,  CALIFORNIA 


DA  I * 

Ogt«lx  1251 

« .)  C D~'' 


* * * 
i,  rVb 


* / 


>.V‘4.T 

r 

'•  ' ■>  3 ‘o  f ..  : 

, - ' 1 0 i 

I •- 
! 

1 

’ - f ? > ** 

c ♦ II 

• &);-■ . ; 

, HfJ 

1 \oc 

, _k_ 

; i.  w-  ■ , 

— . 

- r I!  ~ 


* b: 


f - • 

■-»  [V-^  S<  -:  i 

' -a..  i V ■ 


vF1  i 


! sN 


J 




Vb!  ;b 


r:X' 


i : 


b £ A, 

i r i m 


C • v ^ * 

O ■ V.  ( A 


- '•  < / ? > 


<r  \ ‘2  tV\ 

K- 

I i 

■ l— 


* -f  . 

♦ — -r  -- 


♦ 

i 

•!  '• r- 
> : ;•  ■ 

<► 

I 

T*  1 


.s  \Or.  x } 

s i 


;>  • r<! 


i 1 . i 

L 

i 

* 

I V 


' X , f 

: ^ > 4 — * 

v ^ > i 

r 1 f.  or  j .1 

I I-  | 


~»W  k ~ v- 

i b \ <1  A'-'  ^ 

t I i 

i ♦ - i 


f ( - i Z 1 

L~  *T 

s 


I < 

*> . c 

« 

i 


V< . „ 


. > -■  - 


Figure  5’9.  Oscilloscope  Sync  Selector  & Control,  Schematic 


s 


i 


.4  > 

i i 

r 


1 


. AHROPHYSICS  DEVELOPMENT  CORPORATION  200i3-i"’R£ 


PACIFIC  PALISADES,  CALIFORNIA 


.1,  1954; 


tube  VI  and  pass  any  pulses  appearing  on  Grid  No.  3 of  VI.  Switch 
No.  3 normally  applies  +72  volts  to  a 3 terape  capacitor.  When  this 

i 

switch  is  actuated,  the  +72  volts  from  the  condenser  is  applied  to 

! 

Grid  No.  3 of  V3  (the  phantustron  tripper  input),  which  is  normally 
slightly  under  30  volts,  This,  in  effect,  applies  a pulse  of  approxi- 
mately (72  - 29  = +43  volts  to  trigger  the  phantastron  and  thei-eby 
open  the  rate. 

A special  cable  release  incorporating  switches  3 2 and  S3  was 
built  for  the  camera  shutter.  The  camera  is  equipped  with  a special 
pi3tol  grip  device  having,  two  camming  surfaces  which  act  upon  these 
two  microswitches.  S-  operates  as  soon  as  the  trigger  squeeze  is 

i 

started,  during  the  middle  portion  of  the  squeeze  the  shutter  is 
opened  (when  the  camera  shutter  control  is  set  to  Bf  or  bulb).  At  the 
end  of  the  trigger  stroke  S3  is  actuated.  Thus,  by  means  of  thi*  de- 
vice it  is  possible  to  obtain  at  will  photographs  of  "n"  whole 
sweeps,  where  n is  an  integer  subject  to  the  following  qualifications: 

(1)  'Tie  oscillos  ope  is  set  to  produce  one  sweep  for  each  pulse; 

(2)  n is  the  number  of  sync  pulses  passed  by  the  gate.  (The 
*opon"  time  for  the  gate,  with  the  component  values  shown, 
may  bo  varied  from  0,002  to  0.100  seconds.) 

V2B  inserts  the  gated  pulses  so  that  the  pulses  appearing  at  the  out-  : 
put  have  the  same  (positive-going)  polarity  a3  the  input  pulses  to  the 

1 

contacts  of  3^.  ! 

Some  difficulty  in  feeding  the  sync  pulse  through  the  cable  to 
S2  in  the  pistol  grip  and  back  ai-ain  was  anticipated.  Space  was  pro- 

1 

vided  fox*  mounting  a relay  which  could  perform  the  required  switching 
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end  which  could  be  remotely  operated  by  S2.  However,  the  circuit 
functions  quite  satisfactorily  as  shown.  If  a connecting  cable  longer 

i 

than  6 to  10  feet  is  used,  the  sync  pulse  should  be  switched  by  relay 

j 

rather  than  directly  by  S2. 

A. 2. 4 Strobe  Marker  Generator.  It  was  considered  desirable  to  I 
have  a marker  pulse  which  could  be  superimposed  on  the  pressure- time 

i 

plot  as  a brilliancy  or  intensity  modulation  usable  for  identification 
or  for  time  or  phuae  position  measurement.  figure  60  presents  the 
block  diagram  for  the  strobe  marker  generator,  and  Figure  61  presents  ! 
the  schematic  for  this  generator, 

selects  the  sync  pulse  which  is  to  trigrer  the  marker,  32 
chooses  between  instantly  started  (direct)  and  delayed  pulses.  Direct j 
pulse  is  fed  directly  to  octal  socket  terminal  5 for  the  EliCO  Flip- 

I 

Flop  Z6342-.  rhe  corresponding  output  (octal  socket  terminal  6 of  the  ; 

same  socket)  Is  directly  connected  to  octal  socket  terminal  4 fc  the  J 

| 

EECO  Dual  Cathode  Follower  ZQ309.  The  second  output  oi  me  flip-flop  | 
(octal  socket  terminal  7 for  the  Z8 342)  i.3  directly  connected  to  the  ! 
other  input  of  the  dual  cathode  follower,  octal  socket  terminal  5 for 
Z8309.  The  two  cathode  follower  output  terminals  (octal  pin  6 and  7) 
are  connected  to  opposite  ends  of  a 100,000  ohm  or  a 200,000  ohm  poten* 

i 

tiometer.  This  same  pin  7 is  also  capacitively  coupled  (470  to  500  j 

I 

I 

mmf ) to  the  sync  pulse  input  terminal  of  the  marker  duration  phantaa-  i 
tron.^  Its  output  is  directly  coupled  to  octal  socket  5 for  the  Dual  I 


T’TKsse  "two  phantaatrons  are  quite  similar  to  the  ones  heretofox'®  re- 
ferred to.  The  principal  difference  is  that  in  this  ca.se  negative- 
going  signals  are  used  for  trigrering.  The  circuit  is  found  in  the 
third  edition  of  Federal  telephone  radio  Corporation’s:  Reference 
Data  for*  Radio  Engineers,  pp  270-271. 
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Pulse  Amplifier  EECO  Z90012.  i 

I 

The  "delayed”  switch  is  capaci  t.ively  coupled  by  500  mmf  to  the 
i ! 

t initial  delay  phantastron  input.  The  c crrssronding  output  is  directly! 

coupled  to  octal  socket  terminal  4 for  the  dual  pulse  amplifier,  ^he  ! 

outputs  (terminals  6 and  7)  for  the  ilual  Pulse  Amplifier  Z90012  are 

I 

directly  connected  to  the  flip-flop  input  (octal  socket  terminal  5)* 

^he  wirinr  then  is  continued  by  applyinp  6.3  vac  to  pin  3 ®-nd  8 
of  all  octal  sockets  and  by  applyinp  +200  volts  to  socket  connection  1 
for  the  Zb 342  and  to  socket  connection  2 for  the  Z9O012.  Grounds  are  j 
applied  to  28342  terminal  2,  and  Z90012  terminal  1.  If  a 200  volt 

! 

supply  which  i3  balanced  to  pround  is  available,  the  +100  should  be  , 
| ' ! 
connected  to  Z&309  octal  socket  terminal  2 and  the  -100  to  terminal  1.  [ 


In  this  case  the  output,  is  taken  directly  from  the  movable  contact  of 

i 

the  potentiometer  between  terminals  6 and  7 of  the  socket  for  Z8309. 

i ! 

If  the  above  vol tares  are  not  available,  +200  should  be  applied  1 
to  octal  socke t terminal  2,  and  terminal  1 should  be  grounded.  The 
output  may  then  be  taken  from  the  same  point  as  above,  but  it  must  now; 

I 

j be  capacitivelv  coupled.  If  the  lowest  frequency  (pulse  repetition 
rate)  and  the  Z input  impedance  of  the  oscilloscope  are  known,  the 
smallest  capacitor  to  use  should  ‘do: 


I 


I 


1 

! 

I 


i o 

T~r 


A. 2. 5 Valve  Marker  Generator.  For  recording 
points  between  the  four  engine  cycle  positions  so 
shown  on  the  pressure  time  nistory  graph,  the  PWM 


C = farads  I 

f = cps 

R = ohms 

the  transition 
that  they  can  be 
(pulse  width  module-’ 
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tJ.on)  channel  of  the  Ainpex  309  recorder  Is  used, 


| The  input  requiremen ts  are  relatively  simple.  The  level  (ampli- 

tude ) may  be  anywhere  from  one  to  50  volt3,  The  time  requirements  ar« 

i i 

also  relatively  simple.  The  pulses  must  be  at  least  ?5  microseconds 
but  lass  than  .1000  microseconds  long.  Thera  must  be  a minimum  resting 
time  of  75  microseconds  between  pulses. 

Since  the  valve  sequence  is  determined  by  mechanical  mounting,  it 
1 was  assumed  that  if  positive  identification  of  one  valve  phase  transi- 
tion was  provided,  the  other  transitions  could  merely  be  marked.  : 

i 

jShould  identification  be  required  for  other  transitions,  it  could  be 
Iprovided  either  by  changing  the  transition  selected  by  means  of  a selec* 

i 

I i 

|tor  switch  or  by  counting  forward  or  backward  in  the  transition  se- 

j I 

quence  to  the  desired  point.  Such  a marking  system  would  then  require  j 

two  types  of  pulses  differing  from  each  other  in  duration. 

i j 

'The  marker  system  (a  block  diagram  cf  this  system  is  shown  in 

i ■ 

Figure  62),  then,  consists  of  a wafer-type  selector  switch  which  i 

! i 

jselects  the  transition  pulse  to  be  positively  identified  and  feeds  it 
to  the  identifying  marker  generator.  The  other  three  transition 

i 

pulses  are  first  mixed  then  fed  to  a second  murker  generator. 

I 

The  wafer  switch  in  the  upper  left  hand  corner  (see  Fipure  63)  i 

| i 

jselecta  the  transition  to  bo  positively  identified.  Via  inverts  the  i 
Isync  pulse  and  trigrors  the  'unique  delay  phantastron*  Vlb  inverts  a 

.second  sync  pul*  e and  trigfors  Vp.  V2  mixes  the  other  two  sync  pulses 

I i 

and  also  trig:  era  V3. 

■'3,  since  it  is  trig  crsd  by  noth  Vlb  and  V2,  mixes  the  last  three 
,sy  nc  pulses  and  trig,  ora  the  common  delay  phantas  tron . ^hese  phanta-  i 
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Figure  62.  Valve  Marker  Generator,  Block  Diagram 
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strons  are  similar  t,o  the  one  described  heretofore  in  subsection  A. 2. 3, 
and  in  Reference  9.  In  actual  construction  of  the  phan '■  astrona  the 

i 

principal  difference  between  these  phantas trons  and  those  previously 
described  is  simply  that  the  20,000  ohm  potentiometers  which  control 
the  delay  time  are  screw-driver-adjusted  with  locking  collars  instead 

i 

of  multi  turn  pofs.  VI;  mixes  the  outputs  of  the  two  phantas trons . Its 
output  contains,  for  each  engine  cycle,  one  pulse  which  is  unique  in 
duration  and  three  pulse3  which  have  a common  duration,  and  may  be 
represented  as  three  short  duration  pulses  followed  by  a long  duration 

1 

pulse.  A photo,  raph  of  the  oscilloscope  trace  showing  the  beam  modu-  I 
la  ted  by  the  above  mentioned  pulses  is  shown  in  ^ivure  23  (Section  III), 
A. 3 Recording,  Storing,  and  Reviewing  Pressure-Time  Histories.  I 

i 

Because  of  the  advantages  of  demonstrating  below-ambient  prossuresi 
during  a part  of  the  engine  cycle,  it  was  considered  necessary  that  a J 
' recording  means  which  would  preserve  the  steady  state  as  well  as  the 

cyclic  pressures  be  selected.  This  can  be  accomplished  by  a frequencyt 

i 1 

i modulated  recording  system.  Furthermore,  a means  for  accurately  re-  ! 

i cording  valve  timing  signals  simultaneously  with  the  pressure-time  his- 

! tor  lea  was  needed.  It  appeared  that  the  Ampex  309  dual  channel  (fre~ 
i t 

: quency  modulated  and  pulse  width  modulated)  magnetic  tape  recorder 

would  best  fulfill  the  above  requirements,  1 

i I 

A. 3,1  Recording  Pressure -Time  Histories  and  Valve  Timing  Marks. 
Since  the  output  of  the  dynagago  is  a volta. e waveform  which  is  a 

i 

linear  function  of  the  pressure  acting  again3t  the  pickup  diaphragm, 
the  search  for  0 frequency  modulator  indicated  that  a voltage-control- 

1 ! 

j led  oscillator  would  serve  adequately  for  recording  the  pro  3 sure- time 


* i 


f 
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histories.  It  was  decided  that  a commercially  available  voltage  con- 
trolled oscillator  should  be  obtained.  The  Bendix  T05-17  was  chosen 
since  it  preserves  the  highest  required  modulation  frequencies.  This 

unit  requires  6 volts  at  7b0  milliamperes  for  filaments  and  10b  volts  1 

j j 

at  8. Ip  milliamperes  for  plate  supply.  Since  the  filaments  are  the 

\ j 

cathodes,  the  use  of  raw  ac  Introduces  60-  and  120-cycle  components 

into  the  output,  and  its  use  should  be  avoided  for  critical  applica- 

tions.  An  attempt  first  was  made  to  use  a lead-acid  storage  battery 

for  filament  supply,  but  because  of  the  problems  attendant  in  this 

installation,  it  became  necessary  to  construct  instead  a dc  filament  ! 

supply.  ,rhe  schematic  diagrams  for  filament  and  plate  power  supplies  ; 
j i 

are  shown  in  Figure  64.  Unfortunately,  the  available  oscillators  did  j 

i 

i 

, not  have  input  voltage  ranges  corresponding  to  the  output  of  the 
i dynagage  indicator.  Therefore,  in  order  to  match  these  ranges  and 

i 

i provide  a means  for  putting  step  modulation  functions  of  voltage  on 

i 

the  tape  at  will,  a vol  tape-con  trolled  oscillator  input  adapter  was 
1 constructed.  It  was  decided  to  obtain  a voltag e-con trolled  oscillator! 

j 

i having  a 0--  to  +5-volt  range  and  to  incorporate  a steady  bucking  I 

| I 

! voltage  of  5.000  volts,  thereby  using  the  0»  to  -5-volt  portion  of  the 

I 

Dynagage  to  drive  the  voltage-controlled  oscillator  over  the  corres- 
ponding range  of  +5  to  0 volts.  This,  in  effect,  would  shift  the  zero 
of  the  0-  to  -5-volts  range  of  the  Dynagage  so  that  the  resulting 

! ®l;-nal  would  have  a new  value  +5  to  0 volts.  This  can  readily  be  ac- 

i 

i ccmplirhed,  fts  is  shown  by  the  circuit  illustrated  in  Figure  65. 

j 

i 

I 
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Figure  65 • Zero  Shift  for  Input  to  the  Bendix 
Oscillator. 

i 

Since  it  is  necessary,  if  the  circuit  is  to  yield  reproducible  j 

i 

results,  that,  a steady  5.000  volts  be  available,  a standardizing  means  | 
is  provided.  The  bucking  voltage  is  provided  by  0.00100  ampere  cur- 
rent flowing  through  a series-chain  cf  precision  (0.1  percent)  resis- 
tors totaling  5000  ohms.  One  of  the  units  in  this  series  is  a 25.00 

+ 0.05  percent  ohm  resistor.  The  IR  drop  across  this  one  resistor  is  ■ 

! 

periodically  measured  and  recorded.  When  the  recorded  voltage  deviate^ 

j 

from  25.0  millivolts,  a potentiometer  in  series  with  the  5000-chm 

i 

string  of  precision  resistors  is  adJust©Q  to  restore  tiie  proper  current^ 

i 

level  so  that  a current  of  5.000  + 0.005  volts  is  alw&ya  produced  for  I 

~ i 

the  buckinp  circuit*  ror  dc ^ this  5— volt,  source  has  an  invped&nce  of 
5.000  ohms , but  it  is  shunted  by  a fairly  lar^e  capacitor  so  that  its 

* 

impedance  to  AC  would  be  negligible  in  relation  to  the  input  impedance 
of  the  Bendix  oscillator. 

■’’’he  pressure  pickup  calibration  waa  determined  by  plotting  cali- 
bration points  of  static  pressure  in  inches  of  Hr  units  vs  the  output 
Z2l t:a»~a  of  tn6  dynagago.  In  order  to  simplify  the  reduction  of  data  1 

I 

I 

from  the  magnetic  pressure  information  records,  it  was  considered  de- 
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{ oiruble  that  step-function  voltage  Information  be  inserted  on  the  , 

l 

magnetic  tape.  Therefore,  as  shown  in  figure  66,  one  475-ohm  and  nine, 

i ! 

500-ohm  precision  resistors  were  included  with  the  previously  mention-: 

1 i 

I % r 

ed  25-.00  (+0.05  percent)  ohm  resistor  in  order  to  provide  ten  equal 
incremental  voltages.  An  eleven-position  rotary  stepping  switch  was 
used  to  sample  first  zero  then  the  ten  0. 500-volt,  steps  and  connect 

1 

them  to  the  input  of  the  voltage  controlled  oscillator.  In  this  man- 
ner, step  volts*  e calibrations  can  be  recorded  on  the  magnetic  tape 
simply  by  dialing  the  desired  step  on  a telephone -tyne  dial.  A photo-1 
graph  of  the  oscilloscope  beam  showing  the  step-function  voltare  call- 

l 

bration  is  shown  in  Figure  67. 

, • 

For  convenience  in  identifying  the  records  of  the  several  engine  j 

I 

test  runs,  a dynamic  microphone,  a three-stage  speech  amplifier,  and  | 
a changeover  relay  are  used  to  record  a voice  identification  on  the 

1 

tape.  The  schematic  for  the  speech  amplifier  is  included  in  Figure 
66,  sines  thic  a nip  15  fier  is  mounted  on  the  s arne  chassis  as  the  VC  os-  j 
dilator  input  adaptor  and  calibrator  and  the  Bendix  oscillator. 

Valve  timing  markers  are  recorded  concurrently  on  the  PWM  channel 

1 • 

of  the  Ampex  30V  recorder.  The  valve  timing  signals  are  the  three 
short  signals  and  one  long  signal  generated  by  the  equipment  described 

l 

in  subsection  A .2.5  (diagramed  in  Figures  62  and  63  and  shown  in 
I Figure  23#  Section  III). 

A. ^.2  Playback  of  Recorded  Information.  The  playback  system 

■ 

selected  was  that  used  and  reported  in  Reference  11.  There  is  a 

i 

moderate  degree  of  frequency -vs -amplitude  distortion  Inherent  in  this 
system.  However,  because  of  the  step  calibration  system  described  in 
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Subsection  A. 3.1*  this  non-linearity  was  considered  acceptable. 

The  discriminator  system  can  be  most  si  .ply  described,  as  a trig- 

I 

pered  variable-duration  pulse  generator  having  a high  degree  of  pul3e  - 

I 

duration  stability  and  having,  an  output  which  is  limited,  integrated, 

I 

and  low-pass  filtered  to  remove  carrier  ripple.  Variations  in  the 
level  of  the  integrated  output  convevs  the  information. 

^he  pulse  generator  used  is  a plug-in  unit1.  It  is  described  as 
a Quick  Recovery  One-Shot.  In  order  to  use  this  system,  it  is  neces- 
sary that  a one-shot,  be  maae  to  deliver  a pulse  having  a period  which 
is  half  that  of  the  highest  frequency  — 7.44  x lo4  Cps,  or  about  l/2 
of  13.45  musec  = 6.73  musec,  TM  s pulse  should  be  held  constant  at 
6.73  musec  duration.  As  the  carrier  is  modulated  (shifted  to  lower 
frequencies  by  the  modulating  input),  the  pulse  must  hold  a constant 
duration  and  the  interval  between  pulse  leading  edges  must  vary  as  the 

reciprocal  of  the  carrier.  Thus,  In  effect,  the  pulse  output  would  be i 

j 

a rectangular  wave  varying  from  a square  wave  (i.e.,  50%-$0%)  to  a 

i 

rectangular  wave  with  (pi;. 2 5>-55.75>'  as  a limit  of  unbalance. 

The  output  available  from  the  frequency-modulated  electronic 
chassis  of  the  Ampex  309  recorder  is  adjusted  for  1.23  rms  volts  into 

{ 

500  ohms.  It  can,  nowever,  be  turned  up  as  high  as  i(  rms  volts  or 
11.2  volts  peak  to  peak. 

The  input  stage  is  a high-speed  cathode-coupled  bistable  multi- 
vibrator known  as  the  Schmitt  'nrirrer  circuit  (see  References  12  and 
13  and  Figures  68  and  69).  It  will  trigger  at  i sf  ac  tori  ly  from  an  in- 
put of  9 volts  peak  to  peek.  The  input  impedance  of  1 megohm  does  not 

manufactured  by  Flee  tror.ic  engineering  Company,  loO  S, 
Alvarado  Street,  Lus  Anjeles,  California, 
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load  down  the  source,  The  output  of  this  a tape  is  a 20  volt  peak  to 
peak  rectangular  wave  having  a time  rise  well  under  1 microsecond . It 

I 

is  capable  of  operation  from  20  cps  to  200  kcps  and  is  thus  adequate 
for  our  65-7 5 kcps  operation. 

I 

RC  interstage  coupling  is  employed  to  a 6L6  grid  normally  biased  j 
beyond  cutoff.  The  6L6  plate  la  diode-coupled  (6AL6,  both  sections) 
to  pin  7 of  the  Quick  Recovery  One  Shot.  The  coupling  is  such  that, 
as  6L6  conducts  and  its  plate  drops  from  B+  to  its  conducting  value, 
the  6AL5  cathode  voltages  are  carried  down,  and  these  in  turn  pull 
down  the  plate  voltages,  starting  the  Quick  Recovery  One  Shot  cycle. 

The  Zbbtv  is  rc  coupled  to  the  grid  of  a 12AU7  which  is  returned 
to  ground  through  a i;70,000  ohm  resistor.  "he  60-volt  driving  ampli- 
tude effectively  clamps  the  grid  voltaro  to  the  dc  above-ground  level; 

which  just  begins  to  draw  grid  current.  The  12AU7  section  ie  thus  on 

i 

! for  a constant  time  determined  by  the  Z0669  and  off  again  for  a period 
of  time  determined  by  the  reciprocal  of  the  frequency  of  the  input  ^ 
signal.  "lie  plate  is  returned  to  B+,  and  the  cathode  circuit  has  e 

i j 

I properly  terminated  10,000  ohm  low  pass  (f0  = 15  kcps)  filter.  For 

I 

viewing  the  recorded  information,  the  signal  appearing  across  the 

10,000  ohm- terminating  load  resistor  is  applied  to  the  Y input  of  the 

i i 

osci lloscope . 

i I -*v 

The  valve  position  markers  axe  obtained  from  the  pulse-width 

! I I 

| modulated  track  of  the  tape  recorder.  The  output  of  the  PWM  playback  J 
amplifier  is  guaranteed  to  produce  at  least.  110  voltB  across  600  ohms  j 
unbalanced.  This  is  enough  to  produce  easily  visible  intensity  modu-  j 
iation  of  a normally  briili&nt  trace,  so  that  no  further  processing  is 
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required.  The  output  of  the  PWM  playback  amplifier  is  applied  directly 
to  the  Z input  of  the  oscilloscope. 

Because  of  the  frequent  engine  snaft  speed  changes  during  the 
recording,  it  was  not  conve.iient  to  use  the  multiple  ( tlar-ee  short,  one 
long)  pulses  as  a sync  source  for  the  driven  oscilloscope  sweep  during 
playback.  Therefore,  a simple  counting  circuit  (see  Keferer.ce  lip ) was 
built  (see  figure  'JO ) and  set  to  count  4:1  in  order  to  provide  one 
sync  pulse  for  each  engine  cycle.  Its  output  is  used  to  trigger  the 
drive  sweep  durinr  playback. 

A.i|  Meaa ..reinent  and  Recording  of  forces,  temperatures  and  Reference 
Voltages . 

t’wo  Brown  dlectronik  Multipoint  recording  potentiometers  were  re- 
quired for  permanently  recording  low-frequency  lata  such  as  tempera- 
tures, forces,  standardizing  potentials,  and  en.  ins  rpra.  The  uses  to 
which  these  recorders  were  put  include: 

1.  -he  recording  of  thrust  or  impulse  --  three  force-ring  iLruut 
pickups  incorporating  strain  r age  bridges  were  used. 

2.  The  recording  of  temperatures  --  generally  of  three  types: 

a.  operational-check  twraneratures,  such  as  combustion  tube 
walls  (Ft  - Pt^-  + Rh^j  thermocouple); 

i 

b.  engine-  end  equipment-safety  temperatures  — bearings, 

i 

v **.  1 v a housings,  coolant  water  'or  pressure  pickup,  base 
flange  of  pressure  pickup,  etc.  (chromel-ulumel  and  cop- 
per-cons tan tan ) ; 

c.  per f ormance -meas ur ing  temper  at.urer  such  ns  the  tempera- 
ture of  gaseous  fuel  at.  the  flowmeter  and  the  temperature 
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of  air  at  the  orifice  plate  ( copper-constantan) , 

3.  Engine  RPM  --  for  recording  the  speed  at  which  the  engine  was 
driven,  the  IR  drop  across  a resistor  in  series  with  the  tacht 

1 

omster  meter  described  in  Subsection  A. 2. 2 was  used. 

I 

4.  Standard  Voltages  --  precision  volta.ce  dividers,  appropri-  ! 

l 

ately  tapped,  were  used  to  provide  a means  for  checking  any  i 

I 

drift  in  the  voltage  of  the  Inputs  to  the  strain  gage  force  | 
rings  and  in  the  dc  bucking  voltage  for  pressure-time  history j 
recording.  < 

Means  were  provided  for  zero-shifting  or  suppressing  up  to  100 
millivolts  (see  Figure  71(a))  any  ten  of  the  tw6nty-four  input  chan-  ; 
neis.  This  flexibility  was  achieved  by  wiring  the  twenty-four  re- 
corder input  pairs  so  that,  one  side  of  each  was  normalled  through  a 
standard  jack  panel  strip  (see  Figure  71(b)),  By  means  of  patch  cords* 
the  desired  potential  could,  be  applied  in  series  aiding  or  opposing 
the  signal  voltages  on  any  of  the  2 It  channels. 


AER0PHV5ICS  DEVELOPMENT  CORPORATION 


PACIFIC  PALISADES 


CALIFORNIA 


-I-  it 


LO 

of 

•*•  rH 

► A 

£2 

CM 

z 

X 

rH 

ft 

•H 

♦ 

, P 

£5 

z 

o 

f— 

< 

u 

o 

< 

a. 

z 

ct 

a 

O 

O 

u 

u. 

3 

H 

•< 

u 

Z 

Ul 

2E 

4rt 

|]L 

Ul 

O 

_l 

O 

Ul 

> 

Ul 

_I 

< 

O 

a. 

l/t 

O 

L» 

lib 

<A 

t«c 


Q 

< 


o') 

E-* 

CO 

•o 

i- 


I 

§ 

00 


o 


a 

q 

$ 

xn 

<D 

d 

ttf 

W 

3 


© 

10 

(3 

-£ 


© 

t» 


p 

© 


© 

d 


© 

P 


7*3 

€-* 

C 


{P 


© 

■ 

O 

1 

« 

© 

© 

C P 

u 

-i 

r» 

rH  © 

> 3 

© 

3 

rH  rH  P 

> 

Cl 

E.  c 

h£ 

as  c 

o a 

c 

« o 

>30 

u 

o a 

C 

&,  P 

T3  O 

t~  p 

O 'H 

P 

p c 

R P 

,4  as 

1C  05 

•ii  ♦ 

« 

a -h 

* o 

P 

P 

O Jl  'u 

© 

° • ^ 

s 

O P 

C p 

fe  .3 

P 

Ih  TO  >> 

© 

« o 

» o 

: 

Cm  © rH 

c ® 

O » » 

© 

» P 

> > ® 

13  to 

•o  R 

n 3 3 

P 

a * o 

HH  d 

3^ 

© 'H 

OJ 

•H«® 

a u 3 

P 

1 OS 

p 

b u 

> T>  <4 

*4  C 

44  fl 

k*  U in 

©OP 

P O 

•H  O 

*H  ® 

p 

B ® "3 

<M  «M  © 

OOP 

P P 

X!  *H 

03  fZ  *H 

tl 

B T3 

B © 

CD  « 

O O 

O 

rH  TJ 

© 

(0 

C2 

© rH  0 

P 

o to  ® 

tfl  60 «H 

<0  ® 

CD  © 

73  Cp  © 

« T3 

> ct  p 

a a > 

© t, 

© Cp 

O I 75 

O 

• rH  O 

J>  V- « 

^ cx 

•H  . — < C1* 

© P 

Re® 

•OPR 

ri  £ 

rH  £ 

J-i  © © 

(>  S< 

® 3 -o 
a.  O R 

d e ,o 

Oj  O 

C5  C 

as  3 s. 

«5  © 

IU)  PH 

P © P 

> O 

> o 

tp  p 

O _£  -H 

PQ  .R  as 

o 

T3 

© t*- 

1 

r>  P 

r-< 

© 

© >> 

© 

U) 

> P 

cc 

55 

© o 

d 

o 

l> 

s 

M 

© rH 

•H 

C/) 

P © 

© 

r> 

5 > 

© 

© 

C3 

p 

L. 

>-  -r 

TJ  W 

a. 

o 

© ^ 

£ 

o 

^ © 

O 6G 

© P 

o d 

> K 

o 

o © 

© «-H 

o 

© 

© x> 

rH  O 

H © 

i3  ° 

Cl  rH 

£ p 

u-3  Dt, 
Eh 

• o! 


P «=: 

O Pi 


lO 


o 

t> 


CM 


00 

00 


l: 

Oh 

* 

(O 

• 

vj* 

rj5 

d 

»H 

c 

co 

r-H 

o 

p 

ii 

< 

Eh 

p 

o 

>4 

ro 

o 

Q 

£h 

o 

• -i 

LI 

« 

KH 

r 

X1* 

»'X* 

CM 

• C 

H ■» 

• t7 

P 

► 

fX, 

*73 

• -H 

c 

o 

rH 

. ; 

O 

s 

b 

O 

© 

S 

p 

fG 

© 

rf 

\ 

rH 

Vj 

P 

>$ 

a: 

P 

C3 

< 

M 

r— : 

b- 

C5 

< 

o 

o 


o 

-O 


w 

cn 

o 


e 

JS 

tC 


O 

M 

o 

a 

P 

p 

o 

1 

4-' 

© 

•rH 

P 

9J 

40 

» 

T? 

C 

© 

U 

d 

Ou 

© 

© 

c. 

CX. 

o 

0 

1 


a, 


T5 

a 

o 

o 


cx, 

d 


0 

© 

Si 


8 - £ 


•R 

•P 

•H  -P 

e ® 
3 

® « 

-P  .r 

«S  K 
•r  ® 

a. 

u 

-p  o 
a!  ^ 


P 

£ 

d • 
© 


cl 

© 

a 

o 

so  p 

© fo 

u 


>H  i 


J 


p d 

6 

*r 

C-i 

rH 

© 

P B 

Vi 

cH 

CO  to 

P 

a © 

>> 

© 

flj  o 

T3 

> 

-6  c 

© 

© 

K a 

© 

P 

© V) 

P 

to 

a> 

® 'O 

© 

p © 

P 

60 

<*5  P 

H 

T3 

rH  © 

O 

© 

a d 

o 

• p 

© 

p p 

> 

© H 

p 

rH 

rH  © 

•rH 

© 

C*i  o 

> 

5 

<0 

£ 

.R 

B 

U 

60 

+5 

P 

© 

d 

p 

S< 

^ P 

P 

00 

O « 

P >> 

a 

P 

O © 

so  ^ 

o 

© 

LO  V» 

a o 

p 

© 

60 

© p 

© 

P 

» fe3 

■6  § 

> 

6CP 

© 

© v» 

rH 

d a 

U 

IP 

© 

P *H 

a *o 

rH  P 

> 

CO  to 

Cl,  © 6C 

© P 

© w 

07  a d 

d © 

P © 

© © 

•H  p 

p to 

a £ 

M O 

p a p 

6C 

o © 

o o 

tc  C"  03 

H P 

7h  p 

d a 

p <r  © 

(4  O 

fu  V» 

M SO 

n?  x-  ,£? 

o c 

i:  *: 

o 

g 

s 

o 

rH 

c 

© 

© 

© rH 

•r-» 

p 

p 

P 

o 

4’ 

p 

p 

a rH 

c 

© 

P 

P rH 

p 

d 

d 

a 

B 

H 

d 

© 

© 

a 

o 

ft  P 

XJ 

© 

rH 

d 

p 

a 

•rH 

d 09 

o 

O 

o 

p 

P 

p 

P 

© 

•rH 

rH 

O 

p 

o 

80 

p 

© 

P © 

rH 

O 

p 

p 

© 

Ih 

P d 

© 

H 

d 

P 

p 

d 

© a 

©4 

P 

B 

o 

B 

w 

© 

p +3 

B 

T3 

CL 

"O 

CO 

a 

© 

o. 

d 

d 

a 

© 

t.. 

6C  d 

zi 

hr- 

© 

d 

© 

o 

H 

d 

p 

.3  3. 

1 

6 

a 

rH 

© 

3 

p 

t> 

© 

d 

d g 

d 

d 

p 

d 

p 

o 

p 

P © 

© 

H 

a 

© 

a 

d 

o 

Cth 

fr,  P 

•3 

Eh 

o 

Eh 

Or 

55 

ai 

© 

d 

V, 

o 


a 

o © 

P P 
P 05 

m r- 4 

3 cl 


5 

o 

o 

g 

*4 

o 


© 

o 

© 

v» 

si 


p 

w 

a) 

a 

s 

© 


O 


Fh 

oo 


Eh 


to 

4 

CM 


UO 


C- 

4* 

<0 


*U 

© 

fl 


P 

o 

p 

U3 

3 

d 


•P 

© 

a 

o 

55 


TJ 

§ 


P -5-3 
© © 
6.0  60 

d d 


UO 

cm 


rH 

CO 

lO 

C*- 

03 

CM 

rH 

rH 

H 

rH 

H 

CM 

CM 

• 

■» 

•» 

ft 

ft 

ft 

ft 

o 

cvi 

<* 

<x> 

00 

O 

rH 

CO 

r— 1 

H 

H 

rH 

H 

CM 

CM 

CM 

o 

o 

o 

o 

S 

o 

o 

O 

o 

o 

o 

o 

LO 

o 

o 

O 

LO 

M 

oo 

C3 

<J> 

o 

CM 

Ci 

<*7. 

o 

P 

lO 

1 z* 

rH 

rH 

O 

o 

o 

o 

* 

1 

rH 

f—t 

rH 

rH 

o 

CO 

c 

o 

1 

1 

1 

1 

U3 

M* 

H 

rH 

in 

in 

P 

L0  | 

CO 

to 

cn 

o 

H 

o 

to 

rH 

rH 

O 

p 

CM 

CM 

rH 

c 

O 

O 

o 

O 

o 

O 

c 

a 


P 

P 

o 

p 

u 

75 

d 


P 

© 

Cl 

o 

<5 


(4 

3 

© 


•H 

TJ 


«: 

CD 


J 

04 

TJ< 


•a  P4 

d 

LC 

to 

© 

i p 

1 

P 

T3 

o 

T3 

o 

© 

© 

© 

O 

© 

p 

a 

a 

(0 

H 

■p 

© 

© 

LO 

d cd 

o 

d 

•H  ^u3 

10  60 

© r 

© 

«3 

© 

p 

© 

_r; 

<M 

> 

d 

o 

£ 

© 

o 

© 

£ 

P 

P 

c 5 

•H 

© 

S.  J 

rH  q 

d Cl# 

d 

05 

p 

*H 

p 

B 

H 

P 

a 

O 

> 

♦rH 

d 

a 

© 

Pi 

P 

a '3 

D^d4 

P4 

^4 

o 

© 

CO 

© 

© 

© 

6. 

o 

© 

o 

r—i 

P 

o 

•H 

d 

P 

P 

P 

« 

• rH 

*o 

P 

a p 

© 

a 

a 

© 

> 

> 

c 

© 

p 

© 

H 

60 

© 

© 

CO 

75 

d 

a 

n 

O p 

4-» 

P d 

P 

d 

Xh 

p 

d 

rH 

r — ^ 

p 

d. 

B 

g 

> 

TJ 

a 

P 

P 

>H 

a 

^ J 

o 

t.r, 

£*“*  © 

o © 

CJ  O 

CO 

o 

<7h 

B 

O 

© 

c5 

d 

p 

V 

P 

6 

so 

a 

o 

d 

d 

© 

•H 

•H 

rH  B 

to  w 

© Cm 

© 

<p 

© 

t. 

o 

© 

> 

*r 

© 

© 

© 

CO 

d 

o 

60 

o 

p a 

O 

© 

H 

C 

03 

L* 

.O 

p 

d 

o 

XJ 

• 

© 

© 

© 

Vi 

p 

3 

a 

P o 

m 

o 

d 

© 

r-M  © 

r*  © 

a 

w 

•r3 

P 

d 

p 

d 

© p 

M 

rH 

© 

© 

O 

P 

o > 

© > 

•o  d 

T3 

d 

o 

P 

o 

© 

o 

o 

P 

© 

B 

TJ 

d p 

o 

a 

o 

p 

r . 

© 

w 

© r-t 

© rH 

d o 

.3 

o 

© 

£> 

rH 

© 

© 

60 

P 

p 

a 

a 

© to 

Cl.  d 

© 

© 

is 

CD 

•H 

P 

>» 

P C5 

p afl 

♦H  »rH 

p 

p 

© 

a 

P 

c 

H 

d 

p 

p 

a 

8.5 

o 

p 

p 

a 

© 

© 

X5 

O 

w 

O a 

o i> 

td  P 

0u 

p 

o 

T) 

•H 

P 

b 

p 

o 

p 

p 

Gl 

o p 

o 

P 

C.3 

d 

to 

tM 


X„ 


w| 

§ f 


a 
C 
a 

2 


S 

cr> 


x. 


■ A 

Z 

o 

■H 

I- 

< 

at 

O 

< 

a. 

z 

o e 

fiC 

O 

o 

ij 

U. 

-i 

f" 

< 

u 

z 

U1 

in 

OL. 

Ui 

O 

.j 

o 

< 

IA 

UJ 

> 

Ul 

< 

a 

a. 

w 

u 

C 

ku 

* 

tmm 

U 

>■ 

< 

X 

a. 

a. 

O 

ut 

UJ 

< 

'£ 

> 

X 

££ 

p 

— 

< 

X 

c. 

•_/ 

a; 

CL 

,_  n. 

« ^ 
73 
K © 
0 

P £ 
‘.^  P 

W p 

O 

<1  o 


3 

$ 


os 


a 

■rJ 

£ 

eg 

ha 

o 

o 


g 

o 

4-4 

fH 

<. 

> 

cr 

w 

o 

:a 

O 


® 

te 

T>  3 
O -P 
■H  OS 

u u 

8.8. 


v;  B 
c p 

P 

P © 
as  p 
© 0 

Si  h 


l I 

® ^ 


73 

© 

O 

0 

73 

© 

Sh 

© 

O 

o 

§ 

u 

eg 

© 


3 

> 


4> 

s 


•o^-P 
© © 
« « ^ 
© P 

2 S 5 
0^0 
0 P U 
H -P 


lz)  Dt« 
£4  0 

« 

e f-L« 

;-;  eh 


O 

O 


o 

§ 

CM 


O 


oa 

P 

O 

>* 

o 


CO 

CO 

x3 


CO 


O 

8 

CM 


>» 

X> 

• © 

£ 5 

© D 
CM 

a a 


a 

■z. 

>-< 

Eh 

<. 


o 

tH 

a 

c 

r4 


a, 

g 5$  § 

u,  >:  t-« 


in 


t 

o 


t 

CM 


o 

t3  P 
4*5  Ct. 
P 

X 04 


C 

© 

a 

\ 

© 

P 


to 

P 

O 


O 

to 

o 


I 

u 

© 

V, 

5 

73 


a: 

co 

o 

a, 

04 

to 

Ph 


'S 

© 

o 

p 

p 

o 

£ 


73 

© 


© 

> 

© 

p 

V 

o 


o 

© 

Vl 

Vi 

© 

M 

o 


© 

£ 

8. 

O 

© 

c 

P 

w 

£ 

© 


I 

a 

a 

o 

£ 

to  o 

£ fH 

P P 

£ « 

§5 

P E 


I 

u © 
as  P 
© 

P O 
O P 

© 73 
> © 
P -P 
«S  o 

> s> 


>>  t 
73 


.£  as 

55 

* CO 


© 

Si 

CL 

u 

© 


* © 

0 


5 

o 

o 

cf? 


I 

0 

© 

o 

V* 

c 

£ 

o 

P 

-P 

as 


£ 

o 

73 

© 

-p 


_ Cc  „ 
U 0 O* 

© M v 
O-  o 
o 


o 

55 

H 

a 


© 

© 

si  0 
O J» 


o 

CM 


© 

© 

St 

o 


o-  c 

P 

© t 

tt  P 


I 

0 

£ g 

CL 

■c 

Ve  © 

o -p 

£ § ® 
O O 0 

as  cl  tj 
^ 0 £ 
© £ 0 
p*  o c 

O -H  ^ 
Cl 

M 
o 
© 

Jt 

o 


§ 

ti 

£ 

o 

0 

01 


CO 

© 

43 

Q 


0 

•H 

1 


m 


& 
© 

® f-H 
© 

o o 

35 


.£  Vi 


£ 

•H  © 

I > 

tO 

O $3 

O > 

d p. 
© 

Vi  © 

O 

-P  P 

o © 
© 

Vi 
Vi 
© 


§•? 


-P 

© 

© 


to 

£ 

o 


o 

© 

.£  «-H 

o o 


cc 

CM 


Pi 


O 

to 


a 


CO 

ro 


CM 

to 


to 

to 


a 


T 

o 

o 


o 

o o 

£ 

p ^ 

5 5 

3 .3 

03  © 

O 

09 

U O 

rEI 

© -C 

« r-( 

0 

73 

0 3® 

3-4 

O 73 

b ° i° 

P © 

3 .H  3 

O as 

o 3 4> 

P o 

73  P 

n 0 

P *H 

© © 

0-3  0 

£ 

3 p 

U O -H 

© to 

p a 

3-  ® g 

P £ 

0 S 

© 

© 

£ 

o 

+> 


© 
© 0 
TJ 


0 

•ri 

1 


P .£ 

© © 

U 

b: 

Pi  £ Cu 
o o _ 

T1  ° *H 
O D< 


.5 

o 


•O 

5 

rH 

© 

£ 

© 

40 

0 

6~* 


•H 

-H  o 

P 

P P 

-P  c-i 

05  Cm 

73 

© o 

0 

© 

TJ 

r*4 

R 

o 

CO 

£ 

D-.  O 

© 

p © 

P O 

0 

V 

£ 

d 

O -H 

^ io 

» 

H P 

hH 

£ +> 

O £ 

« to 

CO 

0 

•H  P 

© 

p d 

p 

® P 

O.rL 

P 

£ © 

p 

© © 

O P 

0 

© 

o 

fc5  Ow 

C.<  O £ 

P 

£3  Vi 

TJ  C 

O O © 

•r4  O 

d 

© 

• f~i 

Cl 

P 

CJ> 

O 

£ o 

M 

P £ 

73  P 

O • *H 

© o 

© 

P 

P 

73  P 

H rH 

© 

t,  >Vh 

© 

P 

tH  0 

£ 

3 0 3 

H 

© 0 

© P 

■£ 

3 -P  W 

H 

P P 

?*  £ 

to 

o o 

06 

© 

© © 

£ 

P,  eg  CL. 

6 

O 0 

& C 

© 

O 3 

CO 

p o 

© 

3 

a 

© 

© 

V 

P.  73 
© 

Ch  P 
O <3 

^ © 
>>X2 
T3  U 
O V 
P iP> 
o 

£ 

.H  Pi 


s-l  o 
o -P 
O Pi 


U I 

O ® 
Vi  «H 
P 

e © 
_<§  » 

R§* 

W 

o 

v"A/  -H 

C Pi 
♦H 

© 
P 
0 


>» 
u 

o «o  o 
m -p 
^ <D  O 

<!>  u as 

K tin 


O 

8 


8 

CM 

CM 


rH 

<A 


Cl 

to 


o 

8 

CM 


O 

o 

to 

CM 


lO 

CM 

t 

CM 


to 

CM 


o 

r~ 1 


to 

I 


tc 
£ 

♦.-4  W O 
P © r* 

£ § J3 
to  P 

© 0 .H 
P © £ 
as  P 
£ Ci  tp 

P £ « 
© St  "*  © 
P bD  u P 


O 


73 

O 

•H  « 

P © 

8.5 

P 
to  as 
£ P 

5 8. 

<D  ^ 
si  +> 

to  ® 
C .o 

O 3 
kJ  4> 


•a 

3 

« 3 


>> 

T3 

<S 

O 


5 


a 

o 


eg  to 

^'5. 

bO  05 

.3  u 

+>  o 


to 

3 

•H 

P 

•H 

Vi 

5 

a 

E 

5 


10  ►-« 

a 

© • 

'-j  a 

£ H 


as 
P 
w 

P 


35 


bl) 

£ 

© 


• I 

£ P 

•H  © 

t a 

CM  4»> 

^ g 3 

jrj  as 

■**  <0  st 
•h  P>  M 
£ ^ © 

<C  .o  o 

p ^ t- 


p © 

o 

p 
© to 

p © 

as  p 

S 3 
© o 

p 

l-l  ttf 

os  £ 

•H  0 

to  73  £ 
£ £ C 
hH  © «H 
P PiP 
•H  © -H 
P,  T3  73 


£ 

•H 

t 

p a> 

a 

35 

5 5 


O 


© 

P 

0 


© 

© 0 
P © 

Vi  p 
0 

0 P 
to 

o u 

H O 
£ V 
•H  ^ 
aS  *h 

P P bG 

» o 

p 

t-4  O 

cm  as  p 
to  V w 
• 0 © 

&£  * 
>>  « 3 

Eh  10  .H 


V 

3 


3 

® 


O 

8 

CM 


ID 

• 

tO 

I 

CM 


to 

I 


3 

o o 

CO 

o 

to 

to 

vM  to 

CO 

40 

CO 

8 

o 

o o 

o 

o 

o 

I 

% 

>> 

-p 

r 

Vi 

O 

© 

73 

as 


05  c— i 

v*3 

3 -H 

p p 

© 

© 

P 

1 0 

+>  v 

© P 

P 0 
© 

0 

8.-S 

• 

£ 

^-§5 

0 P 

P £ 
0 P 

© p 

>>  p 

p 

€B  P 

P 0 

U 0 

© 

p 

1 

^ St  ft 

P 

0 Vi 

P 

H 

CO 

P 

© P 

ttf  w 

tn  vo 

a 

P © 

41  tot; 

o *□  b.0 

© 

0 © 

0 © 

73 

• £ £ 

O 0 £ 

© p 

© P 

© P 

£ 

© © p 

P P © 

.3  CM 

33  O* 

w 

Ch  0 

0 

frH  P p 

O ttH 

o to 

<y> 

to 

4k 

CO 

to 

to 

to 

•M* 

% 

« 

O 

p 

CM 

M* 

to 

7* 

CO 


Creole  fuol  infection  ahead  Very  nigh  fuel/air  ratios  Injectin'  fuel  upstream 

of  inlet  valve  required-  Firing  erratic.  of  inlst  valve  not  satis 

Front  valve  housing  bo-  factory 

oarao  too  hot 


C 10 

1 fH 

2 °P 

1 

P ^ 

rH 

at  * 

O 

Ul  . 

a.  O1 

O 

^ c 

“ CM 

° o 

z 

o 

h 

< 

u 

O 

Cl 

fit 

O 

U 


ui 

c., 

O 

j 

ui 

> 

UI 

D 

i/i 

U 

v? 

>• 

Z 

ft. 

o 

a c 


X 

K 

o 

14. 

< 

u 


a 

< 

1/1 

Zj 

< 

0. 


u 

< 


ta 

os 


g 

o 

I- 

w 

:=> 

.4 

o 

•*5 

o 

o 


PQ  ^ 

XJ 

K © 

M d 

Q d 

X*,  *h 

e-s 

35 


w 

CO 

£ 

ej 

£ 


to 

— 

P 

1 

vl 

tH 

i — t 

-p 

o 

>> 

*2 

o 

rH  C 

p 

© 

P f-i 

as 

XJ 

o a 

-S 

© 

C 

© «rH 

K 

p 

© 

X5 

1*  d 

W 

rH 

+> 

d 

•H  g 

© 

d 

e 

X3  © 

E 

r* 

X. 

-p 

d 

+> 

C 

© 

O ft 

© 

© 

o 

to 

*<h  O 

0 

f 

<4 

1, 

p <p 

1< 

P 

as 

o 

JO 

O 

M 

■p 

<D  X3 

p 

w 

o 

-•H 

p 

*o  © 

d ® 

p 

-p 

© 

cn 

o 

© 

•H 

*3 

to 

c 

to 

> 

e> 

rH  © p 

© P © 

u 

Q 

x; 

o 

a 

p 

£ 

►l 

© 

£55 

+> 

to 


5 

rt 

•H 

^ § 
© 

O 

>i  O © 

rH 

d 

U d > 

O 

© 

© r-H  *H 

•v 

si 

> cx  ^ 

XJ  © 

© © XJ 

© rH 

© 

A *H 

P r-i 

Cl 

p b 

d d 

© 

m P as 

tv  +* 

o © > 

>0  (0 

B -P 

® 3 

« 

rH  m af 

^4  **H 

as  >> 

(X 

5 & 


I 

d 

© 

J3 

J3 

d 


•o  c 

© P 


n 

b: 

d 


PC  XJ 

i © 

■C5 


to 

.5  £ 

& u 

X)  X) 

3 B 


>> 

rO 


XJ 

© 


P 

Hje 

© 

♦»H 

2 

•*H 

P »o 

ra 

o 

XJ 

> 

P 

n 

P d 

d d 

d 

© 

© : 

P 

© 

P 

© o 

E 3 

r-i 

a © 

tc 

(0 

© 

«p 

_ p 

a 

4h 

© 

© 

rH 

d c 

p 

o 

© 

Eh 

© 

© 

as  d 

© 

XJ 

&<  05 

© 

© 

P 

P Cm 

d p 

f-< 

P 

o > 

d 

© 

> 

as 

V: 

d H 

d 

d 

to 

c 

.c 

r—i 

E 

P *r< 

5s 

•»H 

d 

© 

d Vi 

d 

Vi 

p 

as 

•H 

<0  +> 

9 

to 

o o 

o 

> 

K 

? CJ 

d p 

© 

to 

© 

•H 

nH 

l: 

.ci 

o 

d (0 

•fH  o 

•H 

to 

p d 

p 

O T> 

p 

P 

d 

M 

-a  d 

r> 

Vi 

d 

c o 

O 

•r;  © 

•H 

d 

D. 

P XJ 

P 

© *w 

n 

CO 

© 

fX 

to 

© 

U rH 

P 

O 

5 

04 

d P 

n E 

c. 

d 

P 

T3  P 

•H  rH 

d 

© 

© 

P O 

© 

H »H 

» 

© 

rH 

® d 

P *»H 

d 

d 

X © 

XJ 

O Vi 

P 

Vi 

© 

d 

r-H  d 

to  $s 

p 

P 

XJ 

x: 

Li 

d 

d d 

U 

Vi 

> 

© 

o © 

o ux 

d 

d 

to 

K 

d -h 

r-H 

c o 

© 

•H 

•<H 

© 

rH  H 

© 

© 

o 

M 

P XJ 

rP 

o o 

Eh 

bl: 

d 

to  c 

cx  as 

d 

m 

p 

« fc- 
P'JO 
;=> ' 
Eh 

• ex 

-4  H 


O 

M 

o cd 

>< 

o • 

00 

£ £ 


o 

S 

CM 


T 

o 


o 


o 

Eh 


» 


r-i  to 
I *i  rai  & 
< H r-t 

*1  H ‘ ' 


© 

0 t.< 

° b 
2 3 

C/2  « 


bO 

u 

fH 

p 

p 

© 

e 


rt  P 
> a 


AS 

o°  , 

© CM 
.h  CM 
O ' 


o 

25 

Eh 

CO 

w 

Eh 


C" 


o 

s 

CM 


o 

o 

£ 


o 

o 

o 

CM 


o 

o 

o 

CM 


O 

tO 

o 

CM 


to 

I 

o 


o 

to 


CO 

,A 

o 


00 

I 

to 


to 

r4 


CO 

o 

» 

1 

1 

. v_(  .a, 

in 

CO 

CO 

If 

o 

I?;  ct:  X : •• 

t— 1 

n w H ftJ 

E<3 

:,i  (ft  E-i 

> 

@ 

CO 

? c 

cu 

a o o 

E>  j ® 

if 

CO 

o 

f- 

t- 

c- 

CO 

>* 

o 

o 

o 

o 

o 

o 

© 

| 

t 

fH  P 

A 5 

& 

d 

d « 
© ^ 

J3  U 

•Q 

to 

P d 

3 

d x: 

d 

to  . e 

d 

d 

E P 

o d 

5 .2  c 

o 

c 

o 

E P 

d -h 

o a o 

d 

d 

hi)  © 

o P 

3 (w 

o d 

o d 

d d 

fH  tC 

O 3 3 

•H  o 

•H  O 

d 

p rJ 

cs  ^ 

j3  O 

+>  -H 

P -rH 

d p 

P .♦< 
d ^ 

-&£ 

d g 

ro  o -p 

d © 

d « 

os 

£.1 

^ 4 a 

rH  d 

55 

m ^ 

CX  JO 

H 

XJ  • 

O 

3 0® 

> o a 

° B 

° E 

TJ 

© 

o 

C 

O © 

•S  2 

-p  o 

si  o 

-T.  C 

•H  d 

P 

fl 

o 

d 


© d 

§ g 

a CX 


p 

o 

o 


5 


-p 

© <0 

3 d 

d © 

■s  I 

© o 

-d  XJ 

cx  © 
as  © 
d a. 

00  93 

5 A 

o fo 

4 -p 

K x: 


a» 

f 


to 

if 


3 £ 

♦rl  rH 

P OS 

O H 

© 

n -p 

d © 

•H  r — 1 

d 

rH  »H 

© 

2 Vi 
Cm  O 

M xj 
o d 
© © 
.d  jS 
o a 


CO  ^H 


o 

CO 

rH 


n « 

cb  v< 


p d 
« -p 

* o 

d 


d 

rH 

a. 


X) 

© 

d 

2 

a 

as 

© 

E 

p 

w 

d 

d 


p 

© 

d 


JS 


XJ 

d 

as 


d O 
rH  Ui) 
Co  * < 

I o 

% **• 

rH 

c*  ^ 


P 

© 

& 

P 


♦3 

o 

•n> 

SjJD 
as  w 
v. 

p 


-P 

© 

3 

P 


4-> 

rs 

o 

X3 

«• 


© 

O 

P 

o 

E 


p 

Q 


0 

o 

■H 

P 

as 

to 

•p 


• o 

XJ  CO 

3 • 

O rQ  f-H 


XJ 


•p 

Ci  w 


c. 

h **  5 

d <2 

/H\P 
^ ^)  © 
bCrl  d 
© 

^ o 

rH  .CM 
bO  I P d 

.S00  §< 

d o u w 

<H  ti, 

W -P  H 


P 

W 

d 

c 

$5 

© 

O 

<P  XS 

© © 


x> 

© 


© 
as 

S E 

ti 

X3 

3 o 


6 

© 

© 

S-« 

Cuo 
E * 


o 

U) 


o 

CO 


o 

LO 


X) 

© 

§ 

p 

o 

GJ 


^4 

o 

O 


as 

o 

*rl 

a 

as 

r?  © 

o ,o 
© d 
4> 


S5 

P ttJ  ^ 

a<  rH  p 

© Pi 


; I 


o 

K 

© 

o 

to 


cs 

> 


© 

© 

p 

w 

© 

n 


O W 

p 

ex  © e 

d 

o 3 X) 

a> 

O) 

05 

© 

o © 

* a 

© 

d V)p 

+5 

O r-t  3 3 

to 

to 

to 

O rH 

CM  © 

© o 

« XJ 

fH  d 

3 3 3 

♦*h  d 

as 

d *n 

d © 

xj  d p 

p 

® G,  3 

d 

Si 

d 

e p 

* X2 

P 

p © 

© 

t>  ® X’ 

o 

O 

o 

d d 

O & 

r-s  cS 

AS  ft 

d 

HO  B Hi 

3 0 3 

V, 

v» 

e-i 

P p 

as  u 

O 

o P 

© © 

3 

P o 

© © © 

© 

P*  .3  -P 

to  G a 

w 

© 

w 

a 

to 

.d  rH  d 

§ 

as 

as 

d 

© 

X 3 

AS  fH 

d d 

odd 

^ 3 3 

« .d 

O 3 

O Vi 

as  © 

♦h  m 

© 

o -h  a 3 

© 

© 

© 

t p 

3-S 

© d 

+’ 

r-v  a; 

d 

® t»  o c 

Q 

i 

>» 

o 

K d 

d c © 

© 

.3  -H  -H  K 

« 

O 

3 

5^ 

O © 

o o 

© ^ 

^ o e 

ra 

o to  w o 

GO 

W 

w 

to 

»o 

64 

ft 

CM 

s 

o 

to 

to 

to 

CO 

CO 

* 

ft 

ft 

ft 

rH 

to 

'O 

ao 

05 

rH 

CM 

*o 

to 

to 

to 

to 

to 

CO 

CO 

JO 

J 


x 


AERCPH  YSICS  DEVELOPMENT  CORPORATION 


co  £ p 
a o 'z  © 
£ « go 


Mh 

© 

rH  C 

aj  as  a 

p ja  a 

o p o 


© x:  "o  to 
ntta  I 
a -h  o «o 
H ,c  O to 


Vi 

£ O 

-p  -p 

o 

© 

© o 

CO  © 

u 

4> 

h 

to 

© 

bS 

^ 3 

4-> 

d W 

© Cc 

H 

•H  © 

3 

© 

d to 

BO 

o 

s © 

fl  c 

© 

Pi 

§ 

m fl 

3 o 

ClH  O 

O 

5= 

y-i 

HOW 
**  H a 


r Si  3 a 

S Oi  3 R 


S O 

3 2 

o 

070 

to 

CO 

o 

o 

1 

o 

« 

• 

o 

• 

« JO 

H r-« 

co 

O 

a p 

as 

<5^ 


♦ i* 

>>  © 

-U  ,©  4> 

© § 5 

p .fl  R 

* ?£ 
*o  a 

OOP 
P P © 
p p fl 

g.3  O 

O P2 


o> 

© o 

to  to 

r*  P 

iO 

© 

r-»  © ro 

•P 

^ © 

S3  B fl 

o 

O r— * 

P r-t  © 

© 

<m  d 

3 -3 

Vi 

•r« 

® a, 

Vi 

f • © 

| © 

© 

© -P 

8 o 

a 

fl 

a « o 

© 

o 

g © 

ft 

© >>  » 

© 

© « 

Co 

<0  R t- 

XL 

co  3 

0 

n h n 

o 

A 

CO 

H 

CO 

t- 

% 

% 

t- 

o to 

CO 

t-  t- 

a -h  T3 
t»  > fl 

O ec  » 
t.  © 
o O.  U3  o 
fl  a 


p R M) 
K)  © q 


i 


AER0PHYS5CS  DEVELOPMENT  CORPORATION  2QQ3-I -ft5  j 


PACIFIC  PALISADES,  CALIFORNIA 


REFERENCES 


_Oct,  1,  125; 


Bitondo,  D.,  at  al.  Preliminary  Pgr fomance  Studies  of  the  Multi-  j 
Jet , Aerophysics  Development  Corporation  Report  No.  2000-1-R1, 

1 

January,  1953. 

"Strahlschubmessunpen  mlt  Prallplatten"  (Employment  of  Baffle 

1 

Plates  for  Thrust  Measurements),  Janrbuch  des  Deutschen  Luftfahrt- 
f orachunp; , 1940 » Band  mriebwerk,  a.  304 . 

Grlnstead,  C.  E.;  Frawley,  R.  N.;  Chapman,  F.  W.;  Schultz,  H.  F., 

An  Improved  Indicator  for  Measuring  Static  and  Dynamic  Pressures, 

SAE  Journal  (trans.),  vol.  52,  No.  11,  November,  1944. 

de  Haller,  P.,  The  Application  of  a Graphic  Method  to  Some  Dynamic 

Problems  in  Gases,  Sulzer  Technical  Review,  1945,  No.  1,  pp  6-24-.  | 

» 

Jenny,  E.,  Nnldlmens lonal  transient  Flow  with  Consideration  of 
Friction,  Heat  '"ransfer,  and  Change  of  Section,  Brown  Boveri  Re- 
view, 1950,  No.  11,  pp  447-451. 

) 

Campbell,  A.  S.,  The  Time  Required  for  Constant-Volume  Combustion, 
Paper  No.  bl-Al5.  A3ME,  November  25,  1950. 

Durr.  „r,  G . L.,  and  Simon,  D.  M.,  Prediction  of  Flame  Velocities  of 
Hydrocarbon  Flames,  Research  Memorandum  No.  E52J13.  Cleveland: 
National  Advisory  Committee  for  Aeronautics,  January  2,  1953. 
Pressman,  Ralph,  "How  to  Design  Bistable  Multivibrators",  Electron- 
ics , April,  1953,  p I54ff . 

m«rnan,  F.  E.,  and  Pettit,  J.  M.,  Electronic  i.eaa  irementu,  Second 

! 

Edition,  hection  13-15,  pp  593ff,  McGraw  Hill  Book  Co.,  Inc.,  1952. 
Close,  R.  i: . , and  Lenenbuum,  M.  T.,  Design  of  Phantastron  Time  De- 
lay Circuits,  Elec  <~ron lea,  Vol.  21,  p 100,  April  1^46  * 


-146- 


- 'A.  ‘ 


AEROPH  YSiCS  DEVELOPMENT  CORPORATION  1 2.QCJ-1-R5 

PACIFIC  PALISADES,  CALIFORNIA J_Oct.  1,195k 

Pates , Joseph,  "FM  Kapnetlc  Tape  Recording  and  Playback  Instru- 
mentation System",  Navord  Report  27  LJ>, 

Bernstein,  Sergio,  and  Spaven,  Willi  ap  J. , "Single  "ube  Square 
Wave  Genera  tor",  Electronics , Vui,  2;’,  K'o.  6,  p 206,  June,  19uU» 
Schmitt,  0.  H.,  "A  Thermonic  ^rifrer",  Journal  of  Scientific 

Ins  truinent  s , p.  2l(.»  1936* 

Radio  Engineering,  'f’hird  Edition,  h'-,,  12,  Sec.  6, 


German , F . E . , 


yyy. 

Urmed  Services  Technical  inforndiii  Hg 

Because  of  our  limited  supply,  you  - e requested  to  return  this  co*  y WHEN  IT  HAS  SI3 
YOUR  PURPOSE  so  that  it  may  be  made  available  to  other  requesters.  Your  cooperajfc 
will  be  appreciated. 


NOTICE:  WHEN  GOVERNMENT  OR  OTHER  DK  A SPECIFIC 

ARE  USED  FOR  * W PURPOSE  OTHER  THAN  E*  CONNECTION  WTJ 
GOVERN  MB  r 3CUREMENT  OPERATION,  T li  £ U.  S,  GOVERN IV 
NO  RESPOND  _ ‘*Y,  NOR  ANY  OBLIGATION  v^AT^VSR;  ..ND 
GOVERNMENT  MAY  HAVE  FORMULATED,  FUI  Ni"  dU.D.  CL  IN  AN 
SAID  DRAWINGS,  SPECIFICATIONS,  OR  OTHER  DA T P NOT  * O f 
IMPLICATION  OR  OTHERWISE  AS  IN  ANY  MANVEL  LICENSING  Ti 
PERSON  OR  CORPORATION,  OR  CONVEYING  ANY  RIGHTS  OR  PEI 
USE  OR  SELL  ANY  PATENTED  INVENTION  TH  ,T  MAY  IN  ANY  Wj 


il  JNS  OR  OTHER  I 
H A DEFINITELY  U 
ENT  THEREBY  INC 
THF  FACT  THAT  T 
,v  vY  SUPPLING  T 
E REGARDED  BY 
E HOLDER  OR  AN’ 
MISSION  TO  MAN l 
Y BE  RELATED  T 


Reproduced  by 

DOCUMENT  SERVICE  CENTER 

KNOTT  BUILDING,  OAYTOR.  2,  ! H 10 


1 

i , 

§§ 

m 

-• 

<, 

1 

1 ^ 

! , 

7 

m 

msff  w 

iMiaiMia 


